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ABSTRACT

(Distribution Limitation Statement B)

Existing Uaited States Air Force petroleum product storage methods are either

susceptible to conventional weapons effects or very expensive to construct. A
safer, more economical method of storage is desirable. This report describes a
study to determine the feasibility of creating underground cavities in clay type

soils for storage of USAF petroleum products. Current underground cavity forma-
tion techniques were reviewed and evaJuated. Research was conducted on experi-
mental techniques, including chemical deaggregant and hydraulic methods, for
creation of underground cavities. Cavity configuration, storage cavity inner-

liners, and cavity wall sealants were evaluated. Results of this study indicate
a hydraulic technique is adaptable to expeditiously creating, in clay soils, stor-

age cavities which meet the needs of the United States Air Force. Petroleum pro-

ducts would be stored within an innerliner placed inside the underground cavity.
It is recommended that operational tests, including actual construction of three

cavities, be initiated.
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SECTION I

INTRODUCTION

The problems encountered with protecting stored POL (petroleum,

oils and lubricants) products against nonnuclear weapons effects are

numerous n.ad of continual concern to the military engineer on operational

bases throughout the world, particularly in Viet Nam, Thailand, and Korea.

One of the primary methods of storage is utilization of above-ground

steel tanks; however, these are subject to attack by fragmentation weapons

which can result in leaks and ignition of the spilled POL product. Collaps-

ible containers (bladders) are used, but they provide protection only

by dispersion and they have relatively small capacities. Underground

concrete tanks are less vulnerable to attack but their construction is

costly and time consuming.

For the military engineer who is faced with meeting operational

requiremeuts in a minimum of time, the rapid safe formation of storage and

disbursement facilities is of paramount importance. The primary concern

is that POL products be stored safely, not exposed to contaminants, and

easily accessible for removal and distribution from the storage facility.

By proper utilization of underground cavities of controlled sizes and

shapes created in soil formations, these requirements can be satisfied.
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SECTION I1

OBJECTIVE

The objecLive of Lhis study is to analyze the feasibility of exist-

ing and experimental techniques for creation of underground storage

cavities as applicable to United States Air Force requirements for POL

product storage.

An evaluation was made of current underground cavity formation

methods including drilled and underreamed shafts, conventional tunneling

and excavation, solution mining, and both conventional and nuclear ex-

plosives. Such a comparison involved a study of the technical advantages

and disadvantages of the various methods, appropriate economic analysis,

and review of safety and construction considerations.

Research was conducted of experimental underground cavity formation

techniques including chemical deaggregant and hydraulic methods. Evalua-

tion of the applicability to United States Air Force requirements

necessitated investigation of cavity configuration, bladder (innerliner)

information, possible cavity wall chemical sealants, and soils data from

the designated storage areas.
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SECTION III

AIR FORCE POL STORAGE METHODS

The United States Air Force currently uses three primary methods

for bulk storage of POL products. These are steel tankage, concrete

tankage, and collapsible containers. A number of variations, such as

underground systems, are applicable to each method.

1. STEEL TANKAGE

POL products are normally stored in conventional steel tanks at most

permanent installations. Steel tanks may be constructed either above or

below ground surface, and the interior is usually unlined. Connections for

the tank shell cumponents at permanent installations may be riveted or

welded, although welded connections are preferred. Tanks are principally

cylindrical or rectangular in configuration and may be placed either

vertical or horizontal; however, tanks with a capacity in excess of 500

barrels are usually cylindrical shaped in the vertical position. Hori-

zontal tanks are normally small. Roofs for vertical tanks may be of the

cone, lifter, or floating variety. Sizes range from 100 to 10,000 barrels

capacity.

Bolted steel tanks are normally used for semipermanent or temporary

storage. These have a greater speed of field erection and can be dis-

mantled and moved to a new location if necessary (Ref. 1). Bolted type

steel tanks are shipped overseas -n the i•^d ^cndit -n.

Normal pumping or gravity methods are employed for loading and un-

loading the tanks. Above-ground tanks are usually surrounded by a soil

dike or berm to prevent accidentally spilled products from spreading.

:3



Steel tank storage systems constructed underground are less susceptible 1
than above-grouid facilities to damage from sabotage or nonnuclear

weapons effects.

One variation of the underground steel storage tank is the anti-

quated hydraulic (aqua) system. This was a dispensing facility formerly

used for the safe, efficient handling of aviation gasolines. Operatioas

were based on the principal that aviation gasolines are lighter than water

and do not mix with water. Water pressure, rather than pumping equip-

ment, was used to transfer fuel. There was no evaporation loss and ex-

plosion hazard was eliminated because no air spaces existed for accumu-

lation of fumes. Positive operational control prevented water from

entering the distribution line. This system was not used for jet fuel

because the specific gravity was too similar to that of water and the f
fuel does not separate readily from water. This system, being completely

contained underground, was protected from projectiles or blasts. Currently,

there are no aqua systems being utilized for storage of Air Force POL

2. CONCRETE TANKAGE

Although a variety of shapes and designs of underground concrete

storage tanks for petroleum products may be constructed (Ref. 2), the

rectangular and cylindrical tanks are the most common. Roof supporting

columns are strategically located inside each tank to lend support to the

heavy concrete slab that forms the tank roof. The majority of underground

concrete fuel tanks at permanent military installations are designed to

have prestressed walls. Concrete tanks are usually lined or coated

internally to prevent leakage and to provide a chemically inert barrier

between the product and the tank surface. Characteristics of products

4
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that are to be stored in a tank are used tor determining the proper

surfacing for the tank interior. Coatings such as sodium silicate (Ref. 2)

are used to prevent contamination and seepage of jet fuel.

Of the three primary storage methods now in use, properly constructed

underground concrete tanks are least vulnerable to nonnuclear weapons

effects. Obviously, the use of concrete storage tanks is limited to

permanent or semipermanent installations, and is not adaptable to POL

storage during field operations.

3. COLLAPSIBLE CONTAINERS

Collapsible, portable tanks are designed for the temporary storage

of liquid fuels in military operations (Ref. 3). The cell of the container

is constructed of light weight fabric impregnated with petroleum resistant

synthetic rubber. The light weight and compact packaging of the collapsed

containers facilitate their transportation in the field by truck, car,

rail, or air. The cells range in capacity from 500 gallons to 10,000

gallons. Access holes covered with metal closure plates are provided for

any necessary inspection, cleaning, and internal repair. Inlet and outlet

fittn.gs arc provided for hose connections used in filling and Aclenninn

the stored product. Pumps are normally used for filling and emptying

the container. Kits are provided for repair of minor damage such as

pumctures. If containers are installed in quantity, adequate spacing and

dikes are provided in order to minimize the danger of fire.

Although quickly and easily installed, these collapsible tanks are

particularly vulnerable to sabotage and the effects of most conventional

type weapons.

5



SECTION IV

CURRENT UNDERGROUIND C.AVITY FOFMATION METHODS

There are currently a number of methods for creating cavities in

subsurface strata. These techniques employ large diameter shafts and

drilled and underreamed shafts, conventional tunneling and excavation,

solution mining, conventional eý.plosives, and nuclear explosives. Some

of these techniques are frequently utilized for storage of various POL

products while others seldom function for storage cavities.

1. LARGE DIAMETER SHAFTS AND DRILLED AND UNDERREAMKD SHAFTS

The use of large diameter vertical holes and/or drilled and under-

reamed shafts has been greatly expanded since 1950. Large diameter shafts

usually infer constant diameter vertical holes in excess of 30 inches !
diameter; whereas, drilled and underreamed shafts refer to enlargement, at

the desired depth, of an access bore hole by means of an underreaming tool.

Large diameter holes have been drilled for underground storage chambers

and mine access shafts, rescue shafts, water wells, drilled piers, missile

silos, inspection shafts, and emplacement of nuclear explosives. Drilled

and underreamed holes have been used extensively for construction of

structural foundation footings which support axial loads. They have also

been utilized for emplacement and testing of nuclear explosives.

The Atomic Energy Commission (Ref. 4) has conducted tests in large

diameter rotary drilled holes with size ranges of 300 inches diameter to

depths of 160 feet, 120 inches diameter to depths of 570 feet, and 72

inches diameter to depths of 4800 feet. Numerous other large diameter holes

have been drilled to comparable sizes and depths. Underreams or "bells"

6



up to 180 inches diameter have buun constructed at relatively shallow

depths of less than 50 feet. The Atomic Energy Commission has used under-

reame-d right cylinders at size and depth ranges of 16 to 42 inches and

approximately 50 to 250 feet, respectively, in conjunction with under-

ground explosion tests.

Currently, the four categories for construction of large diameter

holes are churn drilling, auger drilling, calyx drilling and rotary drill-

ing. The method applicable for a given situation is dependent upon the

required hole diameter and depth, and the geologic condition of the

material to be penetrated.

Advancing a hole by the churn drilling technique normally consists

of dropping a heavy tool or bit attached to a wire line. The impact

fractures the rock and soil which is subsequently removed from the hole

by use of a bailer. Successive passes of specially constructed bits have

been used occasionally to enlarge the hole (Ref. 4). Hole diameter is

usually limited to 48 inches; however, hole depth and rock hardness do

not appear to be limiting factors. The churn drilling technique is

slow and cumbersome and seldom used.

The auger method is considered the most rapid and efficient technique

for drilling large diameter holes of shallow depths (less than 150 feet)

in soil type materials. The two primary types of augers are the bucket

auger and the spiral flight auger. The bucket auger consists of a steel

cylinder with a h.inged bottom plate containing toothed slots. The flight

auger consists of a single or double thread helix with fixed cutting teeth

at the bottom. In auger drilling, the hole is advanced by rotating cutting

devices attached to the bottom of the auger. the material is retained

within the bucket auger or on the spiral auger and is removed from the hole

7
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by pulling the bit to the surface. The maximum practical depth, as limited

by the length of the telescoping kelly, is 150 feet. The two more common

types of auger machines are the fold-over derrick unit and the crane

suspended attachment machine. If operated within its limitations of size,

depth, and geologic formations, auger drilling is relatively fast and

economical.

Calyx drilling was the most common method for drilling large diameter

holes in rock type materials prior to 1950 (Ref. 4). Calyx drilling is

accomplished with a core barrel consisting of an inverted steel cylinder

having short slots or teeth cut into its lower edge. Chilled steel shot is

normally fed through the drill rods down to the inside of the cutting

edge and is crushed below the edge of the core barrel. As the barrel is

rotated, the angular shot fragments cut the rock. Fluid may or may not

be circulated during drilling operations. The cuttings are caught in

a calyx basket located immediately above the core barrel. The rock core

is broken loose with wedges forced down one side. The core is then

removed from the hole by drilling a small hole into the top of the core,

inserting a w dge plug attached to a ring, and lifting with hoisting equip-

ment, Removal of the core may require hand mucking if the material is

highly fractured. Because of the cyclic nature of the operation, pene-

tration rates are very slow.

Rotary drilling is currently the most widely accepted method for

boring large diameter holes because formation hardness, depth, and diameter

are not limiting.factors .Rr A....... i - nl - ..... gaot ....

machine or table to transmit motion to a drill string which is equipped

with a cutting tool or bit at the bottom. As the bit is rotated in the

hole, the formation materials are broken into chips and removed by

a



circulation of a gas or fluid. The type of equipment necessary for rotary

drilling of large diameter holes has been well documented (Ref. 4, 5).

Basically, it i modi.fied oil well rotary drilling equipment consisting

of a power source, derrick, drawworks or hoisting mechanism, rotary table,

casing,drill string, drill collars, bits, and circulating medium. The

equipment is usually larger than oil well drilling equipment and drilling

costs increase accordingly.

Underreaming (belling) devices are normally used in combination with

either auger drilling or rotary drilling procedures. The use of under-

reams for foundation footings was begun in 1906-1910 by Mr. Willard

Simpson Sr. in San Antonio, Texas. The first shafts were constructed

by a mule-powered water well rig and hand belled by laborers. With the

advent of power driven machiriery, the equipment and technique have pro-

gressively advanced. The underreaming device used with auger drilling

is equipped with extendible arms fitted with cutting teeth for enlarging

and shaping the bottom of a boring. The cutting arms are forced outward

from the bottom of the bucket by pressure from the weight of the kelly,

As the bucket is rotated, a cone-shaped cavity is developed. The TV I

Waterways Experiment Station (Ref. 6) developed for the Atomic Energy

Commission a rotary drilling tool capable of underreaming small spherical

cavities. This tool has changeable compressed-air-operated (maximum

pressure of 100 psi) blades having cemented carbide inserts. It was

designed to cut rock formations thaf. have about the same consistelLcy and

hardness of halite (ie. about 3 on Moh's scale of mineral hardness).

Spherical cavity diameters were 24, 36, and 42 inches constructed in a

10-1/2 inch diameter access hole. The underreaming tool did not have the

capability of removing cuttings. Therefore, it was necessary to drill a

9



"rat-hole" beneath the desired cavity depth and periodically blow the

cuttings out with compressed air. The Waterways Experiment Station (Ref.

7) also developed a similar underreaming tool for constructing right

cylinder cavities in halite.

Development of underground facilities for storage of Air Force

POL products in large diameter straight shafts does not appear to be

practical. The required size of construction machinery increases as

hole diameter increases. Thus, it would take massive machines to construct

a hole large enough for normal petroleum storage. Underreaming devices

could be utilized only for very small capacity storage cavities. Access

hole diameters must also increase with underream diameters. It would then

become necessary to structurally bridge and plug the top of the access hole.

2. CONVENTIONAL TUNNELING AND EXCAVATION

POL products have successfully been stored in underground cavities, I,
either naturally or conventionally mined, in rock formations such as salt,

limestone, cual and clay. In addition, the "frozen ground" technique

has been used for storage of liquid methane, and the "open pit - floating

roof" technique has been used for oil storage.

Currently, the two principal methods of tunneling are drilling and

blasting and the mechanical mole techniques. The drilling and blasting

method includes many techniques which date back to early man when heating

and water cooling were used to frncture hard rock. This method is

necessarily slow and expensive due to the cyclic nature of operations.

The more recently developed mechanical mole method permits a continuous

removal of the tunnel heading rock. Mechanical mole equipment and tech-

* niques are being developed which permit rapid advancement of tunnels through

a variety of subsurface strata, resulting in comparatively lower costs.

10



Procedures and techniques foi the two primary tunneling methods have

been well documented in numerous articles (Ref. 4). Fundamentally, the

drilling and blasting procedures follow a cyclic operation of drilling

blast holes, load and blast, ventilate, scale loose material from heading

advances, muck out the blasted material, place structural supports, and

advancement of drilling equipment for the next cycle. The number of blast

holes required, the quantity and type of explosive, and the sequence of

firing are cnntrolled by the dimension of the bore and condition of the

material being mined. The concept of boring machines or moles was utilized

to start a tunnel under the English Channel in 1882 (Ref. 8). There are

presently 20 makes of moles commercially available with many special

features. The head of the mole consists of teeth or rollers (similar to

rotary drilling rock bits) which are mounted on a revolving cutter wheel.

As the cutter wheel rotates and advances, the rock is cut or spalled from

the tunnel face. The excavated material is transported back down the

tunnel and out to the disposal area. The advantages of mole tunneling

as compared to blasting are as follows: 1) faster tunnel advance, 2) smooth,

round. unshattered bores, 3) littleh overbrepnk 4) less concrete lining,

5) less support required, 6) less rockfalls, 7) adaptable to continuous

type system of operation, 8) less hazardous, and 9) less disturbance to

surrounding facilities. Disadvantages include high initial cost of machine,

excessive length of machinery "train," difficult to operate in mixed

headings, and each machine is "tailor-made"' for a specific project.

Warren Petroleum Corporation has mined a 650,000 gallon reservoir at

its Breckenridge, Texas, plant (Ref. 9). A 4-foot square shafl was sunk

to a depth of 223 feet through an upper limestone stratum at 175 feet and

bottoming in a second limestone stratum at total depth. The storage cavity

11



was then formed by excavating approximately 100,000 cubic feet of shale

between the two limestone layers. It has been reported that such installa-

tions should range in cost between $2 and $8 per barrel of storage, in

unlined reservoirs of between 50,000 and 200,000 barrel capacity.

Abandoned coal mines have been put into limited use as storage cavi-

ties in several locations (Ref. 10). In this method, extensive care must

be exercised to ensure that the POL product does not leak into other mine

workings.

The "frozen ground" method is sometimes used for storage of liquid

methane (Ref. 10). The earth around the periphery of an open excavation,

which has an insulated cover, is initially frozen by liquid propane. The

liquid methane stored in the excavation keeps the ground frozen and imper-

meable.

Another method of undergrouT~d storage involves the use of open

excavations covered with floating steel roofs (Ref. 1].). Carlson notes

an example in which Standard Oil Company of New Jersey has economically

constructed an open pit reservoir in an abandoned slate quarry covered by

a floating steel roof.

Professor Felix J. Kaisin, Consulting Engineering Geologist from the

University of Louvain, Belgium, devised a technique for uniderground storage

of LPG (Liquid Petroleum Gas) in Antwerp, Belgium (Ref. 12). In this

method, a vertical mine-type shaft wa• excavated from the ground surface to

a clay bed at a depth of approximately 230 feet. A number of horizontal

tunnels were excavated in the lay by use of subway excavating equipment.

These tunnels were lined with speciaiJy designed concrete blocks separated

by wood and sealed for use ,s storewide caverns.
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The previously noted methods are not generally applicable to hasty

creation of underground cavities for storage of small volumes of POL pro-

ducts. All these techniques are relatively expensive and the usage of

each is limited to specific geologic conditions. The "frozen ground"

technique apparently is applicable only to liquid methane storage. Also,

storage in "frozen ground" and "open-pit - floating roof" facilities would

be vulnerable to enemy attack.

3. SOLUTION MINING

Salt deposits have intrigued man since before the dawn of recorded

history, and salt domes, specifically, have been the subject of scientific

investigations for well over a century. In recent years, caverns have

been dissolved in the salt, providing excellent and safe storage for a

wide variety of volatile materials.

Although salt deposits have a world-wide distribution, salt domes

are generally confined to low-lying coastal regions underlain by sedimen-

tary rocks containing a thick salt layer typical of the formations found

along the Texas Gulf Coast. Many thick beds of salt are found throughout

the world.

All salt domes contain a central mass of salt which has been in-

truded into the overlying sediments. The origin of the salt mass is deep

seated and of an obscure nature. However, it is believed that the high

pressures prevailing at great depths caused the parent salt to become

sufficieutly plastic to enter regions of relieved pressure. The salt

domes are usually covered by a cap rock of varying thickness and composed

of a concentration of the less soluble constituents of the original salt

deposit.

Early man used open-pit mining methods for extracting salt from very
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shallow deposits. Salt is now obtained from underground deposits by two

prinicpal methods: 1) conventional underground mining and, 2) solution

mining. Salt mines are conventionally excavated dry in a room-and--piliar

operation by which salt is removed in a checkerboard pattern, leaving

pillars for roof supports. In the solution T"minifg process, the salt is

dissolved by controlled circulation of fresh watel and the saturated brines

are pumped to the surface and subsequently processed. The brine from

solution mining is the raw materia' in the manufacture of certain chemicals.

In the solution mining process, a concentric arrangement of different

diameter pipes is used to introduce the fresh water and extract the satura-

ted brine. The method of introducing fresh water into the salt stratum

influences the circulation pattern, which in turn has a decided effect on

the shape of the cavity formed. The methods for solution development

of an underground salt cavity include: a) the conventional or bottom in-

jection method whereby fresh water is introduced into the salt cavity at

the bottom of the hole, b) the reverse circulation or top injection method

whereby fresh water is introduced into the salt cavity at the top of the

cavity, and c) variations to the conventional and reverse circulation

methods whereby the number and positioning of the concentric pipe strings

are altered. The salt is dissolved, producing a brine of a specific gravity

approximating 1.2 which flows or is pumped up through the casing to the

ground surface while the insoluble impurities settle to the bottom of the

cavity. To prevent fresh water from dissolving the salt around the casing

seat, an inert blanket of kerosene or oil is often maintained at the top of

the cavity.J

Reasonable control over the shape of a storage cavern is possible.

However, in an effort to produce the desired cavity size and shape, a
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number of variations to the basic solution mining process is utilized.
These include the previously noted variation in arrangement of casing I

strings, method of introducing fresh water, position of inert buffer

between the brine and the roof of the ca-vity, cross connection of two or

more wells, hydraulic fracture of formations, and blasting.

The use of solution created cavities in salt for underground

storage of liquid products has become increasingly important. This

relatively recent method for storage was first used successfully in Canada

during World War II. The materials being stored in salt solution cavities

include low-pressure gases such as butane and propane, high-pressure

vo]atiles such as ethylene, liquid petroleum products such as gasoline

and crude oil, and radioactive wastes. Methods are now being refined

for storage of ratural gas, oxygen, and hydrogen.

The cost of dissolving storage cavities in salt depends on drilling

costs related to depth, brine disposal problems, and varying capital

equipment costs. It has been reported (Ref. 13) that the average cost

of a 100,000 barrel cavity at a depth between 2,000 and 4,000 feet is

slightly less than $1.00 a barrel. This is less than one-half the cost

of equivaleu.t conventionally mined storage and about one-twentieth the

cost of storage in above-ground steel tanks.

The advantages of salt cavity stozage include lower costs, savings in

ground space, savings in the use of steel, elimination of above-ground op-

eration hazards, and bomb proof storage. This type storage is necessarily

limited to geographic locations possessing a suitable saline formation. Also,

creating relatively small storage cavities (1,000 to 5,000 bbl.) would not

be economical. Therefore, this procedure is not considered practical for

unddeiground storage of POL at USAF operational bases throughout the world.
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4. CONVENTIONAL EXPLOSIVES

A secondary method which has received some consideration is the for-_

mation of cavities by the use of triple-stage conventional explosives in

plastic clay formations. Researchers in the USSR (Ref. 14) have conducted

successful field tests using conventional explosives to form cavities

in clay. Field observations of this method showed it to be both quantita-

tively and qualitatively satisfactory for storage of fuels.

Formation of cavities in this manner requires detonation of successive

explosions at approximately the same depth. Initially, a casing 12± Inches

diameter is pressure grouted (cemented) into the upper portion of a drilled

hole. A small explosion is first detonated, after which the drill hole

is filled with water. This assists in containing subsequent explosious

and ensures a more spherical cavity configuration, protects its surface

from unnecessary fracture, and acts as a shock absorber to cushion the

shock wave.

Subsequent explosions create the underground cavity (Figure 1, Ref. 14).

The number of intermediate shots prior to the main explosion is dependent

on the physical and mechanical properties of the soil and on the magnitude

of the desired cavity. Two or three intermediate shots are normally con-

sidered adequate; however, a single intermediate explosion is sometimes

sufficient. The final or main charge of larger magnitude is exploded to

form the spherical chamber.

During the explosions, the soil is subjected to plastic flow and

compaction, resulting in a cavity with a strong relatively watertight shell.

The maximum increase in density of the clay approaches 40 percent of the

initial density and decreases in proportion to the distance from the center

by a linear relationship. Physical properties, such as unconfined com-
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pressivc strength and cohesion, incre-ase by about four times after the

explosion.

GROUT

WATER STEMMING

- ~COMPLETED 7

NITIAL- - CAVITYSINITIAL
"CHARGE

INTERMEDIATE MAIN
CHARGE CHARGE

FIGURE I. SEQUENCE OF FORMING UNDERGROUND CAVITY BY
CONVENTIONAL EXPLOSIVES

The size of the resultant cavity depends upon the magnitude of the

explosive charge and the compressibility of the geologic medium. The

USSR researchers utilized charges weighing from 100 to 1,500 kg. (220 to

3310 lb.) at depths of 12 to 30 meters (40 to 98 ft). The largest cavities

experimentally obtained by the USSR researchers had measurable volumes

of 140 to 180 cubic meters (880 to 1130 barrels).

It is possible to form underground cavities in groups by utilization

of charges exploded simultaneously or with millisecond delays.

To exclude the influence of successive explosions in a cavity formed just

previously, the total time of the delay must be less than or equal to the

time of formation of the cavities. The time of formation of the cavity

is a function of the physical and mechanical properties of the soil and
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the weight of explosive charge.

The researchers filled three test cavities with fuel. Observation

showed that storage in the explosively formed cavities was qualitatively

and quantitatively satisfactory. It is our opinion that contamination of

the stored fuel would result over a long puriod of time.

Estimated cost data were not available for this method of cavity

construction. Among the possible advantages can be listed the following:

1) Stored products should not be affected by atmospheric tempera-
ture changes.

2) Only small quantities of metal would be required for construction
of the complete system.

3) Underground storage could be provided where naturally occurring
underground storage is not available.

4) Initial construction costs should be lower than costs for a
cavity constructed by conventional methods.

5) The storage cavity would be protected from military attack.

6) Use of conventional explosives would exclude danger from radio-
active contamination.

Several disadvantages are as follows:

1) Construction ,f this type cavity would be limited to areas con-
taining relatively shallow geologic formations of the plastic
clay variety.

2) The method is presently lin the development stage and is highly
theoretical.

3) Cavity would likely require a liner to I revent contamination
of the fuel.

Research literature for the foregoing method is very limited. It is

our opinion that this procedure merits further study and consideration.

5. NUCLEAR FXPLOSIVE METHODS

In recent years, underground storage of POL and gaseous products has
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become increasingly widespread in the United States. The development of

methods for underground storage of gaseous products has evolved primarily

from the necessity for low cost - large capacity facilities. These are

required so that the various suppliers can satisfy the customers seasonal

as well as "peak day" demand fluctuations.

Under specified conditions, the underground method of storage has

proved to be both economical and safe. One technique for creating these

storage cavities is utilization of contained underground nuclear explosives.

The primary explosive method utilizes, as a storage facility, the chimney

created by detonation of a single underground nuclear explosion in imper-

meable rock such as shale.

Project Plowshare is an Atomic Energy Commission program established

to investigate peaceful uses for nuclear explosives. One segment of the

program was the Rainier shot in 1957 which was used primarily to study

construction of underground oil and gas storage tanks. Project Ketch was

another experiment designed to study the use of nuclear explosives in

creation of underground gas storage cavities. It was developed by the

combined efforts of Columbia Gas System Service Corporation, the Atomic

Energy Commission, Lawrence Radiation Laboratory, and the United States

Bureau of Mines.

The nuclear explosive is a compact and powerful source of energy. For

cavity formation, nuclear explosives are generally placed undergrcund in

either tunnels or rotary drilled holes. When a niuclear explosive is

detonated underground in rocks that are impermeable to water, the high

temperatures and pressures which are generated vaporize and melt the surroun-

ding rock. A spherical cavity is formed and the arch of the cavity usually

collapses upward until the span is capable of supporting the overburden
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through either beam or arch action. The resultant reservoir, technically

designated as the chimney, is roughly cylindrical shape,-d and filled with

rubble and void. At the '1 ottom of the chimney is formed a s-olidified puddle

of rock formed by the cooling, dripping and collecting of once molten rock.

Surrounding the chimney is a zone of crushed and fractured rock of increased

permeability (Figure 2, Ref. 15).

FRACTURES

VAPORIZED

SHOCK WAVE-,~
Reflected from
ground surface I

EXPANDED

ýSTRONG COMPRESSIONAL
SHOCK WAVrE

3 MICRO SECONDS 300 MICRO SECONDS

~ ~ .. / RUBBLE CHIMNEY 0.

0 /)

9

SSOLIDIFiED cO

~A4~LLK1L~U DDLE'ML
/ITY ACCUMULATING

UNSTABt/~NIMELTED ROCK

3 SECONDS FINALC-F URATION

FIGURE 2. CAVITY--- CHIMNEY FORMATION 11'iSTORY
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The voids, or free intervals between the fragmented rock, comprise

the storage capacity in the chimney. The resultant void volume Is dependent

upon the type of rock medium, depth of detonation and explosive yield. The

gaseous product is stored within both the voids of the chimney and the

fractured chimney wall rock.

In a contained nuclear explosion, there is no fallout or above-ground

contamination. Some of the radioactive substances formed during the explo-

sion are trapped in the essentially insoluble puddle. However, the top of

the puddle and the chimney contain significant amounts of radiation which

would be available for contamination of subsequently injected fluids. It

would then be necessary to employ decontamination procedures in order to

remove harmful radiation. Carlson (Ref. 11) has suggested the following

methods: 1) A thorougi, flushing of the cavity wfith water, 2) store oil in

thd contaminated cavity and run through a mechanical filter upon withdrawal,

3) contamination could remain in oil. It could be removed at the refinery

by disposing of asphalts after distillation.

The typical concept for injection and withdrawal of the stored product

involves two wells ap depicted in Figure 3 (Ref. 11). However, another

concept utilizes only one well for both injection and withdrawal.

It has been reported (Ref. 15) that a 24-kiloton explosive detonated

at a depth of 3300 feet in shale is expected to produce a chimney void ;olume

of 2.2 million cubic feet and an additional void volume of 0.55 million cubic

feet in the surrounding chimney wall rock. The chimney is expected to have

a radius of 90 feet and a height of approximately 300 feet (Ref. 16). Cracks

and fissures are expected to extend upward an additional 300 feet above the

chimney.
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FIGURE 3. ARTIST S CONCEPTION OF AN UNDERGROUND OIL
STORAGE FACILITY CONSTRUCTED BY NUCLEAR
EXPLOSIVES
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The formula for chimney storage volume is:

-i
W (10')

V =@
c 0.75(ph)

Where
V - cavity volumeC

constant for rock medium (estimated to
range from 4.8 for dolomite to 17.0 for
volcanic tuff)

W yield in kilotons
p - average overburden density in g/cc
h = depth of burst in feet

Void volumes of five cavities were experimentally determined by

Boardman and Taman (Ref. 16) and closely agree with the formula. Results

are presented in Table I (Ref. 16).

TABLE I

MEASURED CHIMNEY VOID VOLUMES FOR FIVE EVENTS

MEDIUM EVENT YIELD DEPTH OF AVERAGE CHIMNEY VOID
(kt) BURST OVERBURDEN VOLUME (ft 3 )

(ft ) DENSITY
(g/cc)

Salt Gnome 3.4 ± 0.5 1184 2.3 1.0 x 10 6 10%

Salmon 5.3 ± 0.5 2716 2.3 0.69 x 10 6 5%

Granite Hardhat 5.4 ± 1.0 939 2.7 1.09 x 106 ± 3%
6

Shoal 13.4 ± 2.0 1205 2.7 2.87 x 10 + 8%

Dolomite Handcar 12.0 ± 1.0 1320 2.3 1.41 x 106 ± 10%

As POL products are flammable ce-e must be exercised in determination

of cavity temperature before injection of the products. Temperature dis-

sipatLion is dependent upon the moisture content of the rock medium. The

cavity could be cooled by water circulation if necessary.
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The Atomic Energy Commission is not currently authorized to supply

nuclear explosives on a commercial basis. However, the AEC has published

estimated charges for nuclear explosives which are sufficiently accurate

for feasibility studies. A study (Ref: 11) was made comparing the costs

of underground cavity formation by the use of conventional mining pro-

cedures and nuclear explosions. Results are presented in Table II.

TABLE II

ESTIMATED SAVINGS RESULTING FROM USE OF

NUCLEAR EXPLOSIVES OF VARIOUS YIELDS

,,4 0 0 4J 0 M

104 0 • 0 0)12
W t .0 > 0 $8 >0

0 mt $137 x067x 0$20 > 106 $28x

s-I P4I In0'-(

r,4J r_ -44

100 kt $1250 x 106 7.0 x 106 $2.8 x 106 $26.7 x 106

lin $1.7 44 106 7 10$20 (a 106 $28W

It is obvious that the nuclear explosive method has a substantiali

economic advantage over conventional excavation methods for formation of

underground storage facilities.I

The usefulness of a ga-a=rescrv'oir form~ed by an underground nuclear •

explosion is dependent upon the following items: - i

1) The chimney must contain the stored product at the desired
pressure without leaking (Ref. 15)

2) The value of storage must be sufficient to justify the cost of

creating it
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3) There must be no significant radioactive contamination of gau that
is delivered from the system

4) The nature of the reservoir must be such as to permit injection
and withdrawal at an acceptable rate

Carlson lists another application for nuclear explosives in the oil-

storage field. This method suggests the possible use of explosives for

excavation of open reservoirs which would subsequently be covered with

floating steel roofs (Ref. 11). However, contamination of the atmosphere

and surrounding area is of primary importance in this application.

The underground nuclear explosive method of storage has a number of

distinct advantages over conventional above-ground methods. These are as

follows:

1) Lower initial construction costs

2) Stored products are virtually unaffected by ambient temperature
changes

3) Construction doesn't require large quantities of metal

4) Provides large storage volume where naturally occuring underground
storage is not available (Ref. 16).

5) Possible to produce stored gas over a wide range of flow rates xith
essentially the same equipment

6) Relatively low maintenance and insurance costs

7) Reduced probability of fires and other accidents

8) Storage facility can be easily camouflaged, resulting in greater
safety from military attack

Among the disadvantages can be listed the following:

1) Impractical for relatively V OIl voLis of "torage at shallow
depths

2) Nuclear explosives are not readily available to industry

3) Geologic conditions must be ideal

4) Possibility of radiozcd:ive contamination
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5) This method of storage 1.s presently highly theoretical and
experimental

It is obvious that the advantages of cavities created by nuclear

explosives apply to large volume storage and not to storage of relatively

small volumes of POL products at operational bases, particularly in combat

zones.

2

*
I I
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SECTION V

EXPERIMENTAL UNDERGROUND CAVITY FORMATION METHODS

Research of experimental underground cavity creation methods was

primarily directed toward examination of the chemical and hydraulic methods.

Investigation indicated the latter of the two experimental techniques

is currently receiving considerable attention from several sources and

apparently has significant potent al in future subsurface excavation.

Rock or soil disintegration is the key element in the overall excava-

tion operation, determining in large measure the rate of progress and cost

of the operation. Problems of disintegration or separation of rock or

soil from its natural state usually increase with increases in strength

of rock or soil. In addition to strength, natural flaws, toughness,

abrasiveness and hardness of constituents and binders of rock or soil are

important physical characteristics and, as they vary, the productivity

and capability of present processes also vary.

Future excavation systems should extend the rock or soil disinte-

gration at least one step beyond the obvious need to separate it en-mass from

its natural condition, and this involves a method of pumping or transpotting

the rock or soil in as large sizes as possible. Normally the largest

removable particle size is desirable, as excessive size reduction results

in wasted energy.

A recent book by Maurer (Ref. 17) explores essentially all conventional

and unconventional ideas for tunneling methods, from atomic energy to

ultrasonics. His comparison of methods is phrased in the convenient term of

"energy required to remove a unit volume of rock by the specific method
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described." The unit for this value of "specific energy" is, by conven-

tion, Joules per cubic centimeter. For quick conversion 100 J/cc =

1 hp-hr/cu ft.

Since the role of energy delivered to rock or soil for excavation is

to create surface (i.e, the finer the particles produced by the method,

the higher the required specific energy), it is not surprising that

specific energies vary widely: from 5,000 J/cc for rotary diamond drills

to 4-10 J cc for blasting. The higher value represents the probable upper

limit for consideration of a new method, particularly if the energy form

is expensive. Thus lasers which actually vaporize rock or soil are probab-

ly much too expensive to use unless the strength of a large volume of

material could be reduced by application of a laser beam to a small volume,

thereby perhaps allowing some hybrid process (laser/mechanical) to be

developed. As discussed in the preceding section, blasting, which effici-

ently uses an inexpensive form of energy, is limited by the slowness of its

cyclic nature.

Independent tests have been conducted in rock for various techniques

including rotary drilling (water), explosives, lasers, electron beams, j
plasm~a, forced flame, Uch-eliical andi other.

Three categories of comparison were:

1) Required Specific Energy (joules/cm)

May be considered the efficiency of the process

2) Maximum Power to Rock (Horsepower)

Amount of power physically placed against the rock by the process

3) Maximum Potential Drilling Rate

Determined by considering the efficiency and available power of

the process
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The data indicate the hydraulic technique has a drilling rate approxi-

mately five times greater than any other presently under development.

Further, it permits applying large amounts of power to the rock. face. For

example, a water cannon can apply up to 2,000 horsepower to the rock face;

whereas, electron beams and lasers are reportedly limited to a maximum of

10-24 horsepower respectively. A comparison of the maximum potential

drilling rates in rock between hydraulic and other methods indicates the

desirability of adaptation of the former for drilling and cavity creation.

1. CHEMICAL DEAGGREGANT TECHNIQUE

The chemical deaggregant technique is an experimental method for

creating underground storage cavities in clay deposits. Patents have been

issued for the process, and approval to develop further the technique has

been obtained from the patent holders (Ref. 18). The power required for

rock or soil disintegration is developed primarily through chemical re-

actions. Details of the patented process are included in Appendix I.

This method consists of penetrating the selected formation with a

drilled shaft through which is circulated from top to bottom an aqueous

solution containing a deflocculant chemical. The deflocculant chemical

deionizes the adsorbed bound soil water to release the soil particles and

permit their erosion by downward flow. This deaggregation of the soil de-

posit results in a clay-laden solution. Withdrawal of the solution from

the bottom and discharge into a desedimentation sump at the surface permits

deposition of the soil solids and recirculation c-f the solution. The

shape of the cavity is controllable to some degree by the technique used

in introducing the deflocculant solution.

Theoretically, this method appears to be a relatively simple operation

in which the key item is determination of the correct deflocculant chemical.
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It was previously believed that certain laboratory tests such as minera-

logy, X-ray diffraction, reaction to flocculants and deflocculants, cohesion

permeability, chemical analysis, and cation exchange capacity would be

performed on a soil sample, and the results could be used to dcterm.ne

the chemical or chemicals which would most effectively deaggregate the

particular soil. It was anticipated that these data would be used to

develop a table of soil characteristics versus effective chemical de-

flocculants. Thus, the results obtained from a few basic laboratory tests

performed on soil samples from a prcposed cavity zone would be correlated

to the table in order to determine the required deflocculant chemical.

The problems involved in introducing the chemical deflocculant and

withdrawing the clay-laden solution would be mechanical in naturc and

could be solved. Investigation of the mechanical aspects of the deagg-

regant method was initiated concurrently with chemical deflocculant studies.

The first step in investigation of possible chemical defloccula.ts

was discussion of the problem in conferences and/or correspondence witti

specialists in various technical fields such as geology-mineralogy (Dr.

R.E. Grim, Urbana, Illinois), soil physics (Dr. J.R. Runkles, College

Station, Texas), and soil mineralogy (Dr. G. W. Kunze, College Station, Texas).

It was tentatively concluded from these discussions that the most effective

deflocculant agent would be commercially available calgon (sodium hexamet-

aphosphate). Laboratory experiments were started to determine the de-

aggregant effect of varying concentrations of calgon on selected soil

samples. Very slow disintesration of the Roil ocncurred and the resultant

conclusion was that calgon would not be effective time-wise in deaggregating

clay soil.
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The next step was to determine if some form of mechanical agitation

would improve the efficiency of calgon as a deaggregating agent. The

probe of a sonifier (high-frequency vibrator) was operated at varying

distances from soil samples immersed in water or a calgon-water solution.

With the probe operating at a frequency range of 20,000 to 30,000 cycles

per second, the soil structure was destroyed and the clay was deaggregated

for a distance of approximately 1/8 inch whenever the probe tip was

immediately adjacent the sample. There was no apparent difference in soil

deaggregation between samples in water or the calgon solution. As the

probe was moved away from the sample the only visible result was creation

of turbulence in the liquid. It is apparent that the high energy input

resulted in very little soil deaggregation. Another laboratory experiment

was conducted to determine the effects of agitation. A cylindrical cavity

was carved into a five-inch diameter soil core. The core was then split

lengthwise and the cut face was sealed to a glass plate. This permitted

observation of agitation within the cavity. A calgon-water solution was

introduced into the cavity and a small bladed rotary mechanical mixer was

rotated within the cavity. Turbulence was created in the solution, but

had very little deaggregation effect on the cavity walls.

The next step was laboratory experimentation with an array of chemicals

in an effort to determine which could be used foi deaggregation of soils.

Procedures and results are documented in "Report of Acid Consumption of

Clay Soils," which is included in Appendix II of this technical report. These

experiments indicated that of all chemicals tried, acids were the only

effective soil deaggregating reagents. Additional quantitative experiments

showed a wide variation in acid consumption from soil sample to soil

sample. Hydrochloric, nitric, sulfuric, and monochloracetic acid were all

31



effective in destroying the clay soil structure. Cost data are included

in the noted report. The use of acids as deflocculating agents would be

both expensive and hazardous. In addition, corrosive effects and disposal

problems would exist.

Based upon our laboratory experiments, research, conferences, and

correspondence with technical specialists, it is -concluded that the chemical

deaggregaut method of storage cavity creation is possible but not practical

for general field application.

2. HYDRAULIC TECHNIQUE

Of all the methods of rock or soil excavation described by Maurer,

hydraulic erosion appears to offer the best approach to achieving the ideal,

i.e., low specific energies, high average energy delivery rates, low thrust

requixaments, high heat removal capabilities, convenient muck removal and

low maintenance.

Experimental studies of this process were conducted by the Oak Ridge

National Laboratory for the Department of Housing and Urban Development

(Ref. 19, 20). 1he tests were designed to measure the specific energy

of water jets under the following variable conditions:

1) Rock types rznyjng from sandstone to granite

2) Water pressures from e fetr thousýand psi to 12,000 psi

3) Jet Nozzle -sizes from 2 mm to 6 Pin ID

4) Rates of mo- oment of the jet in relation to the rock from
about 30 to -0 cm/sec

5) Rock orientation, with the water jet striking the surface either
rpenroi...cu'... to UL parallel to the bedding plane in the case of

sandstuon aMd limestone, and plane of foliation in the case of
granite

6) Distx.c- -rom nozzle front to rock surface (0.44 in. to 3.38 in.)

The rul1Lt• of these tests are shown in Figures 4, 5, 6, and Table Iii.
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FIGURE 6. SPECIFIC ENERGY TESTS ON GEORGIA GRANITE SHOWED A THRESHOLDPRESSURE OF 6,000 psi. STAND-OFF DISTANCE ATTACK AND CANT
ANGLES WERE AS IN FIGURES 4 AND 5.

TABLE III

SUMMARY OF MINIMUM SPECIFIC ENERGI S FOR EXPERIMENTAL CUTS
Type Rock Jet Size Fluid Specific

(mm) Pressure Energy

(psi) (J/cm3 )
SINGLE CUTS

Berea Sandstone 2 6,000 650-800
4 6,000 550-700
6 6,000 500-700

Indiana Limestone 3 10,000 2,000-2,500
Georgia Granite 3 10,000 5,000-6,000

KERFING CUTS

Berea Sandstone 2 6.000 350-550
4 6,000 250-350
6 6,000 350

Indiana Limestone 3 10,000 1,500-2,500
Georgia Granite 3 10,000 (400)*

(* Jet oriented perpendicular to foliation only. No kerfing in other
direcLion.)
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Exotech Irncorporated (Ref- 21), is conducting company-funded research

to obtain data on the optimum water jet pressure and pulse energy desired

for fracturing various rocks and minerals, They have successfully developed

pulsed water jets at pressures of 100,000 psi and jets of liquid at

pressures of 200,000 to over 5 million psi.

They report the most significant factors affecting rock disintegration

are the jet stagnation pressure relative to the rock strength and the total

kinetic energy of the water at the face of the rock. This is show-n in

Figure 7. The results show that as the jet pressure is raised to at least

a factor of 10 higher than the rock compression strength, the energy re-

quired to fracture a given volume is decreased dramatically. In general

the volume of the rock broken is proportional to the kinetic energy in

the pulse raised to a power slightly greater than cne. Tests have shown

that further reductions of energy are possible by di*.ec.ting the jet near

a free edge of rock in order to split off the largest fragments possible.

The sole purpose of increasing the jet velecity is to increase the

jet stagnation pressure (the pressure exerted on the face as the water jet

impacts). The water exerts a pressure given by the formula:

r = 1/2 P'_V K
g

Where

P = Stagnation pressure, psi

p' = Jet Density, lb/ft 3

V = Jet Velocity, ft/sec

K n Liquid Compressibility Factor

g = 32.2 ft/sec2
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Figure 8 shows the relationship between the jet velocity anqd the

stagnation pressure for water jets traveling up to 10,000 ft/sec.

A further advantage lies in the ulique ability of a nozzle to delier

great amounts of energy to e, rock surf ace without. a correspondingly large

back force. The equation for the power delivery of a jet at high pressure

is:

P' - 3.486 (10-3) A (p")
1' 5

Where

P' = Output Horsepower, hp

A = Nozzle Cross Sectional Area, sq cm

?" = Water Pressure, psi

To illustrate, consider a 6 mm nozzle through which water is delivered

at 10,G00 psi; the output power is 1,000 hp. The flow rate through the

nezzle would be 170 gpm. However, the back thrust from a single nozzle is

simply the reaction force, i.e., the pressure multiplied by the cross

sectional area. Thus,

F - p"A = 440 lb

A successful method for hydraulic creation of subsurface cavities

through small diameter bore holes has been developed by A. B. Fly of

Hydrc.-Jet Services, Incorpcrated, Amarillo, Texas. Dowell Division of

The Dow Chemical Compary, Tulsa, Oklahoma, is currently developing a some--

what differevit technique for underground hydraulic mining. Details• of both

procedures are discussed in the following subsecti.ns.
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a. A. B. FLY HYDRO-JET METHOD

A. B. Fly of Bydro-Jet Services, Incorporated, Amarillo, Texas, ori-

ginally developed this process to increase production in water and oil

wells by exposing greater area of the producing formation (Ref. 22). Appli-

cation of the method was expanded to in,:lude hydraulic mining of subsurface

materials. The equipment and techniques for excavating large cavities

through small diameter ,oreholes are discussed in Appendix III.

Basically, borehole mining combines the principles of hydraulic mining,

slurry mucking and rotary drilling. As il]ustrated in Figure 9, the bore-

hole is drilled with conventional rotary type equipment and is cased to

the top of the mining zone. A mining tool consisting of sidewall jet

nozzles, a jet pump assembly, suction screen, and a tricone rock bit are j
suspended in the hole and connected to the surface and the pumps by multiple

drill pipe sections and a kelly-swivel assembly. The kelly drive bushing

engages the rotary table to allow rotation of the mining tool while it

is being operated. Clean water is pumped at high. pressure to the mining 4
tool. A portion of the water is jetted out the side nozzles to cut the

formation and wash the cuttings down to the rock bit. The remainder of

the fluid issues to clean the bit, agitate the cuttings, and provide lIft

needed to pump the slurry to the surface through the jet pump. The jet i
pump may be augmented by an air-lift pump. Compressed air may be utilized

for the air-lift pump to insure that the fluid level in the mined for- I
mation is below the sidewall jet stream. Details of the Hydro-Jet hydraulic

underreamer are presented in Figure 10.

38

k



KELLY HOSE DERRICK
AND STANDPI\\

f l O UH IG 9PHY R O E TSE U IPENTR A I L U R A E I N P O S I T I ONE

STORAGEL CCVERN.

39YDO J.-



KL LIFTING HOOK

SWIVEL BAIL

0 HIGH PRESSURE SWIVEL

FLUID AND CUTTINGS
DISCHARGED TO SURFACE PITS

KELLY SWIVEL

FLUTED KELLY

KELLY DRIVE BUSHING

HIGH PRESSURE PIPE

DRILL PIPE

,.....----FLUID AND CUTTINGS

SIDEWALL JET STREAM- BEING PUMPED TO SURFACE

SIDEWALL JET NOZZLE

".FLUID AND CUTTINGS CONTINUE
TO SURFACE AROUND SIDEWALL

PRESSURE PIPE TOJEVAE

PUMP JET NOZZLE
-- JET PUMP BARREL

I ,JET PUMP VENTURI

-- PUMP JET NOZZLE

PRESSURE PIPE TO
TRESCSNU RO BIPETO I •FLUID AND CUTTINGS BEING
TRI-CONE ROCK BIT ;ý7- SUCKED INTO VENTURI OPENING

-TRI-CONE ROCK BIT

FIGURE 1O. HYDRO -JET HYDRAULIC UNDER REAMER

40



Consolidated sandstones, waathered limestones and laminated shales

have been successfully mined in operations to depths of 350 ft. Mining

rates of one cubic yard per minute: have been achieved and cavities have

been excavated to a lateral distance of 30 feet from the borehole, or 60

feet in diameter.

The process has been used experimentally to mine bauxite in a formation

20 feet thick and some 225 feet beneath the surface near Bauxite, Arkansas.

A representative of our firm observed the field test. Difficulties were

encountered due to the strength and degree of cohesion of the bauxite.

The fluid pressures available were not adequate to cut a part of the for-

forma-ions were obtained and evaluated. Table IV compares the mechanical

properties (obtained from tests performed in our laboratory), pressures

and volumes of water utilized in the field tests, nozzle sizes, and results

obtained.

Although experimentation with this method has been directed primarily

toward excavation of rock type formations, it is evident that the technique

would be successful in rapid creation of cavities in clay. However, it

is likely that the existing equipment would require certain modifications

in order to be applicable to cavity creation in clay soil.

Mr. Fly is currently experimenting with a modified method for creating

underground cavities through small diameter bore holes. -Steel sht arc

used in conjunction with high-pressure water jetting. The 3/8--inch diameter

shot are ejected through a separate nozzle at 1200 feet per second at the

rate of 6000 shot per minute. Compressed air (175-600 cfm) provides the

ejection force. The energy per shot is 173 foot-pounds. The shot are recover-

ed and recycled. Additional details are included in Appendix III. The
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technique has great potential for excavating subsurface formations.

b. DOWELL METHOD

Dowell Division of The Dow Chemical Company, Tulsa, Oklahoma, has

developed the theory of a mining method for rapid extraction of minerals

through a small diameter bore hole. Equipment is currently being readied

for field tests.

They believe the most economical way of cutting material is by a

hydraulic process and have designed and manufactured a wash tool which jets

water under high pressure out of two nozzles located opposite to each

other. The nozzles are so designed as to hold the water jet as tight as

possible until it reaches the face or wall of the cavity thereby obtaining

maximum use of the kinetic energy in the stream. It is planned to test

the process in a shale formation 100-150 feet deep. Figures 11 and 12

illustrate the basic fundamentals of the system.

The system consists of a rotary drilling rig, a dual string of tubing

inside a casing, and surface equipment to provide pumping of fluid. In its

application, 10-3/4-inch surface pipe (casing) would be set to the top of

the proposed cavity. The drilling string would be lowered into the surface

pipe, water would be pumped through the annulus between the 7--inch casing

and 3-1/2-inch tubing, and Jetting started at the top of the desired cavity.

The drill bit, located below the jetting tool, could grind up large for-

mation lumps. The formation material, reduced in particle size by jetting

and grinding, would be removed from the cavity by forced flow up through

the bit and 3-1/2-inch tubing (reverse circulation). It may be necessary

to utilize an air-pressure system to increase the efficiency of the

operation.
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Appendix IV contains a rtport prepareý by ?r. W. M. Zinpg , Dueli

Division of The Dfn Chemical Company, Tulsa, Okiahcoua, The report D:e-

SetiLs periue' LJIe~~Lailus on, tihe PLUpUU MetLhIUd. Al±LLkc'24LI LL HIUS U')L

yet been field tested, Dowell personnel are .oni.,dent that the technaique

Will be Successful in creating a cavity if, whale iQtiatJOnb. if sc,

it can be assumed the procedure could be modified In ýrder to successfully

excavate subsurface cavities in clay soils.
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SECTION V1

CAVITY CONFIGURATION

The ideal underground cavity configuration is one which is economical

to create in any type material and is structurally stable regardless of the

stress field or competency of the surrounding strata. Ideally, cavity

configurations should be such that exact design formulas, based upon

laboratory determined mechanical properties, are applicable. However, since

the study of rock or soil mechanics is not an exact science, cavity con-

figuration is determined by a combination of scientific, theoretical, and

empirical methods.

Detailed explanations of the procedures for determination of cavity

configurations are included in Appendix V. Among the factors which must

be considered are the iritial state of stress in the soil or rock mass,

degree of lateral restraint, size of opening, elastic and inelastic

properties of the rock or soil, and geologic discontinuities of the mass.

Figure 25 of 'Appendix V summarizes a range of selections for ideal

cavity shapes in which the ratio of horizontal to vertical stresses•i Sh
(= - varies. Table XI indicates the assumed in-situ ratio of horizon-

V

tal to vertical stress for various soils.

As noted in Appendix V, the ideal cavity shape, as based upon struc-

t tural integrity, may not be the most fs ec1a shape to create

I due to equipment limitations. If possible, configuration of cavities in
I

various subsurface strata should approximate those indicated in Figure 25.

It is not practical to predict the degree of control of the cavity shape.

However, the hydraulic method has promise of reasonable control of cavity

shape.
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SECTION VII

STORAGE CAVITY INNERLINER

The storage of POL in an underground cavity necessitates the use uf anL

innerliner (bladder) to function as a container inside the cavity in order

to prevent contamina ton and/or loss of the stored product.

Desirable characteristics of the innerliner are:

a. Capable of placement through small diameter bore hole.

b. Resistant to volatile petroleum products, mechanical damage,

weathering, and deterioration.

c. Impermeable to water and petroleum products.

d. Reasonably durable.

e. Flexible over a wide range of temperatures.

f. Low in cost. I.
g. One piece.

h. Resistant to subsurface microbiological attack.

i. Alkali resistant.

Mr. John Hendershot (Ref. 23) has performed extensive research for

determination of a desirable material to be placed inside deteriorated and

leaking oil field steel storage tanks. He has developed a one-piece inner-

liner which is inserted inside the tank and serves as a container for the

fluid.

Accelerated laboratory test programs, coordinated with field tests

under actual precise conditions, have been performed with many types of

rubber compounds, polyvinylchlorides and other materials. A series of

laboratory tests has recently been completed by Dr. George W. Reed, Civil

Engineering Department, University of Oklahoma; however, a report of the
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study has not been published. Also, the Product Division, Union Carbide

Laboratory, Bound Brook, New Jersey, has evaluated several types of

materials for Mr. Hendershot and Mobil Oil Company.

Numerous commercial field installations have confirmed all projectio&os

of the laboratory test results. It is reported that the best material

found to date is UCB-030 (Ref. 23). This is an exotic thermoplastic

polyvinylchloride sheeting manufactured by Union Carbide. It is easy to

handle and reasonably tough, although the polymer that makes the material

flexible loses a part of its effectiveness over a period of time and a

decrease in elasticity, from about 350% to 225%, results.

TABLE V

UCB-030 LABORATORY TEST VALUES

Type Laboratory Test Test Values

Tensile Strength
Machine Direction 2332 psi
Transverse Direction 2061

Elongation

Machine Direction 336 %
Transverse Direction 353

100% Modulus
Machine Direction 995 psi
Transverse Direction 946

Graves Tear
Machine Direction 307 lbs/inch
Transverse Direction 316

Low Temperature Impact -120 F

Flammability, 450 SPI Test Self Extinguishing

Liners ai:e prefabricated to size, in one piece, by means of electronic

welding process to assure positive leak-proof seams. They are packaged by

iolding accordian style in both directions. The fabricator is Fabrico,
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Chicago, Illinois. For lowering through an opening, the liner is clamped

to an adaptor ring by a fitting designed by Mr. Hendershot. This adaptor

ring is attached to the end of a pipe. Thus, the liner in a collapsed

condition can be lowered through a relatively small opening.

Originally, consideration was given to the possible use of a double

innerliner system for the storage cavities. A positive air pressure would

be introduced in the annulus between the two bladders. This regulated

air pressure would be utilized to force the stored product from within the

inner bladder. However, further study was abandoned as this system

appeared to be more complicated than a system composed of a single inner-

liner with a pump for withdrawing the stored product.

After formation of the cavity and before insertion of the innerliner,

a sand cushion approximately 2 feet thick should be installed in the

bottom of the cavity. This should provide a relatively uniform bearing

surface and reduce the possibility of bladder puncture from sharp objects

on the cavity bottom.

Development of an innerliner specifically for use in underground

sturage cavities, construcced in accordance with the parameters established

in this report, should require only minor modifications to existing

techniques and materials currently used by Mr. Hendershot of Unit Liner

Company, Wewoka, Oklahoma.

5
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SECTION VIII

CAVITY WALL SEALANTS

An evaluation has been made of methods and chemicals which could

possibly provide stability and impermeability to cavity walls. The pet-

roleum industry has successfully used a number of additives to the fluid

circulation system during drilling in order to reduce fluid loss in per-

meable strata. These various materials and methods are enumerated herein.

Also included is a discussion of the possible use of embedment type polymer

chemicals for cavity wall sealants.

The current rotary drilling technique was made possible by the develop-

ment of the mud circulatory system. The history of the search for the

"ideal" fluid is a story of compromise in that the formulations possessed

characteristics of the "ideal," but also possessed undesirable offsetting

characteristics (Ref. 24). Among the desirable properties of an "ideal"

fluid system is the ability to reduce fluid loss in the hole to a minimum,

but to do so with a minimum of solids deposition in the hole. A rather

costly and time consuming formulation of separate systems for the various

required applications evolved.

There are numerous chemicals and drilling fluid additives commercially

available which have been used for sealing permeable strata and stabili-

zation of certain soil-s • A.U,.ori. the major . uppl. .. o thes.l ........ m11 ds

are Baroid Division of National. Lead Company, International Minerals and

Chemical Corporation, Magcobar Division of Dresser Industries, and Milchem

Incorporated. Standard ingredients in many drilling muds are gel-forming

clay colloids obtained from processed bentonitic (montmorillonite) clay. To

51



reduce permeability of a particular porous stratum, this type of solids

laden drilling mud is pumped into the ho]e and forms a relatively thin -

membrane on the face of the hole drilled through the formation. This

quickly achieves minimum permeability and permits a small but fairly

constant and continuous loss of fluid to the formation. In the event of

highly pe'meable formation, fibrous materials may be added to the drilling

mud.

"No-Solids" or polymer (chemical compounds or combinations formed

by polymerization) type fluid systems are a fairly recent development in

oil field technology. In this type system, either natural (organic) or

synthetic polymers are applied in the preparation, maintenance, and use

of drilling, workover, and completion fluids. Prcofessor Bercegeay, Head

of the Department of Petroleum Engineering at the University of South- I
western Louisiana, pioneered early work on the use of guar gum (a poly-

saccharide natural polymer) as an additive (Ref. 24). Also introduced

was a number of colloidal systems utilizing various polymers such as hydro-

lized or otherwise modified polyacrilonitrils. When properly applied, the

correct polymer system will completely plug off formation capillaries.

One of the more serious problems confronting the petroleum industry is a

lack of definitive, quantitative techniques for properly defining the

properties of typical polymer solutions.

Petroleum Associates of Lafayette, Inc., Lafayette, Louisiana, has

developed a number of polymer drilling fluid sy,'- ems to be used for various

purposes. They have determined that the reversion of organic systems, such

as guar systems, by oxidation resulted in a solid precipitate in the well.

They now market certain materials which can be added to the polymer drill-

ing mud to permit it to revert to essentially water at a predetermined time.
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Hlomogeneous clay soil stra'a are the ideal location for cavitici

created by the hydraulic technique; howevvcr, homogeneous clay strata arc

seldom located. Clay soils aru often interbedded with sand layers of

varying thichness. Sand normalJy is moic pervious and has a lower cohesion

than clay. It may be necessary to grout these layers of granular material

so as to provide cavity wall stability. The technique for intentionally

converting the viscou. fluid system to a competent plastic and back to

fluid, at will, may have some possible application to POL storage cavity

wall sealing in granular materials.

Industrial grouting companies such as Halliburton have sealed storage

cavity walls and chemically stabilized soils. However, all the foregoing

applications have one item in common. They are used to seal permeable

formations such as sand or fissured hard rock formations such as limestone.

Normally, it is not necessary to seal clay type soil because of the very

low in-situ permeability. The clays cannot be penetrated with enough

polymer grout to adequately consolictate and seal the soil.

Consideration has been given to installation of a cement type grout

wall, approximately 4 inches thick, between the innerliner and the cavity

wall. This would provide structeral stability to the cavity wall and

preclude isolated wall failures whenever the stored product is withdrawn

from the cavity. However, the practicability of this technique is

questionable.

Jet fuels, gasolines, and other petroleum products have high quality

requirements and are very susceptible to contamination. With materials

such as polymer grouts or drilling muds, it would be virtually impossible

to completely seal the interior walls of an underground cavity. It is

therefore our conclusion that a cavity wall sealant, in lieu of innerliners,

' will no provide the high quality requirements in regards to contamination.
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SECTION IX .

CAVITY OPERATIONAL CONDITIONS

Operation of underground storage cavities should not be complex.

Several methods are available for removal of POL products from subsurface

cavities. A normal pumping system connected to a dispensing facility

may be utilized for shallow cavities. For deeper installations, a surface

mounted motor with submerged pump or a pump-air pressure system may be

required.

It is likely that ground water will be encountered during both con-

struction and operation of subsurface cavities. It is possible that water

will seep between the innerliner and cavity wall and tend to cause the

innerliner to float or collapse, thereby progressively reducing the storage

II
capacity. Therefore, provision must be made to maintain the system -devoid

of ground water. This can be accomplished by the dry-well method whereby

a vertical shaft and sump would be installed alongside the cavity wall.

Water which enters the cavity would drain into the sump and be removed 4
by some means such as a sump pump. An alternate technique would be ulili- J
zation of a positive air pressure, at greater than hydrostatiz pressure,

inside the innerliner. This would force groundwater from between the cavity

wall and innerliner. As previously noted, the air pressure would also

assist in removal of the stored product.

Operational techniques have not been detailed in this report as they

are not part of the project scope. During operational tests, methods should

be evaluated for loading and unloading POL products and for removing

infiltrated groundwater.
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SECTION X

SOILS DATA IN DESIGNATED STORAGE AREAS

A study of available literature, well logs, and core data was made

to ascertain the types of formations existing in designated storage areas,

Viet Nam, Thailand, and Korea. Following are generalized geologic data

and soil lithology information for the three designated storage areas:

1. SOUTH VIET NAM

The Republic of Viet Nam is divided into five geomorphic provinces,

defined essentially by similar terrain fpatures. These are the Annam

Mountains, Central Plateau, Southern Plains, Mekong Delta, and Coastal

Lowlands. The provinces are underlain by one or more of six geologic

formations (Ref. 25). Beach deposits of recent geologic age underlie

about half of the Coastal Lowlands. Recent delta and flood plain alluviums

are exposed over most of the Mekong Delta and some parts of the Coastal

Lowlands. Recent stream channel alluviums are scattered in the Annam

Mountains, the Cental Plateau, and the Southern Plains. Ancient alluvium

of Pleistocene age underlies about two-thirds of the Southern Plains.

Basalt is exposed over about one-third of the Southern Plains and about

one-half of the Central Plateau. Bedrock complex underlies most of

the Annam Mountains, and the other half of the Cental Piateau. Soil

lithology is as varied as the terrain. Shallow formatLions range- fLum

hard deposits such as granite in the mountain ranges to highly plastic

sedimentary clay in the delta. Included in the assortment of formations

are sands, silts, gravels, laterites, basalts, etc.
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2. THAILAND

Thailand is composed of a number of greatly varying shallow soil

formations. Typically, the geology ranges from the alluvium type uncon-

solidated deposits such as sand and clay in the lowlands to hard rock

such as granite in the mountains. A great portion of the highland area

consists of shale, sandstone, and limestone.

3. KOREA

Although numerous potential informational sources were contacted, no

definite soil lithology information was obtained. It can be assumed

reasonably that the soils range from highly plastic clay to hard igneous

metamorphic type rocks.

Obviously, it would be a monumental task to attempt to catalogue the I
locations of all the numerous soil and rock formations present in the!

three designated countries. The usefulness of such a detailed resume

in this report is questionable, as it would be necessary to obtain de-

tailed soil information in the immediate vicinity of any proposed under-

ground storage facility before construction of same. It is also likely

that considerable variation in soil formations may exist between different

areas of the same installation.

The hydraulic method of cavity formation is not dependent upon the

cation exchange capacity of the soil. However, the optimum cavity shape

as well as the amount of pressure required for hydraulically cutting the

cavity depend upon the type and consistency of material to be penetrated.

It will be necessary therefore to obtain samples, and subsequently deter-

mine the engineering characteristics of the soil or rock from the proposed

underground storage locations, Normal soil exploration and laboratory
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p. testiug procedures can be utilized for determining the required data,

Tý •Analysis of this soils information will be used to determine the desired

size and shape of cavity and the approximate pressure which must be

developed in order to erode the cavity.

i
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SECTION XI

CONCLUSIONS

The United States Air Force currently utilizes a variety of methods

for storage of POL products. Surface storage containers, such as steel

tanks and collapsible bladders, are susceptible to damage by conventional

weapons. Construction of underground storage tanks, which are less sus-

ceptible to conventional weapons effects, is expensive and time consuming.

As detailed in preceding sections of this report, the existing methods for

underground cavity formation are generally not adaptable to Air Force field

usage.

Research for this report indicates processes for subsurface cavity

formation are presently in a very active state of applied research. New

ideas are emerging rather frequently as a result of numerous potential

applications. The creation of cavities by the experimental chemical

deaggregant technique has been found i' this study to be possible but not

practical. Hdwever, it is both feasible and practical to provide protective

POL product scorage within an innerliner installed inside a hydraulically

created underground cavity.

We did not consider it necessary to hydraulically create a cavity

specifically for this feasibility report, The Dowell hydraulic method

is feasible and currently is in the development stage; however, the A. B.

Fly Hydro-Jer technique has been successfully used to remove soil and rock

from subsurface strata, thereby creating a cavity. Our analysis of the

literature, and our observations of field tests conducted concurrent with

this study convince us that the A. B. Fly technique is applicable to
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creating underground cavities in accordance with the parameters established

in Section I of this report.

The desired shape of a cavity to provide maximum stability may be

determined, and is dependent upon the type and characteristics of the soils

and the in-situ pressures within the formations. An inert innerliner

(bladder) of the desired size and shape can be fabricated by the Unit

Liner Company for insertion into the cavity through the surface casing.

The innerliner should rest upon a sand cushion. It will probably be

necessary to install a system to dewater the cavity. It is likely that

segments of the cavity walls may be strengthened, but not completely

sealed, by application of a selected grout between the innerliner and

cavity walls. C-vmplete and thorough subsurface soils data should be

secured for the immediate area where cavities are to be formed in theaters

of operation.
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RECOMM4ENDATIONSf

Since feasibility of the underground st.orage cavity method has been

established, it is recommended that conceptual and operational tests be --

couducted. Test cavities should be constructed utilizing the hydraulic

cavity creation technique. A proposed site for construction of the

test cavities is in the vicinity of Bryan, Texas. As determined by soil

borings, the geologic formation is cohesive clay and sandy clay of stiff

to hard consistency. Logs of Borings and Summary of Laboratory Test Data

are included in Appendix V1.

Two cavities should be designed for 1,000 barrel capacities each

and one cavity for 5,000 barrel capacity. The desired cavity configura-

tion for structural stability is ellipsoidal with height to width ratio

ot 4 to 1; however, restrictions of the available equipment will likely

necessitate creation of an ovaloida. cavity of the desired dimensions. The

1,000 barrel cavity should have a diameter and height of 12 and 48 feet,

respectively, while the 5,000 barrel cavity should have a diameter and

height of 20.5 and 82 feet, respectively.

An innerliner such as that supplied by the Unit Liner Company shouldI

bF installed within the cavity. Also, systems should be installed and

evaluated for withdrawal of products stored within the cavity, and for

withdrawal of ground water between the cavity wall and innerliner.
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APPENDIX I

CHEMIC-AL DE"REA' TECH nIQdL

This appendix presents a copy of United States Patent Number

2,803,432, "Method of Forming Underground Cavity" and United States

Patent Number 2,983,103, "Underground Storage of Fluids in Clay Beds".
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Aug. 20, 1957 c F. TEICHMANN ETAL 2,803,432
IMEiOD OF FORMING UNDERGROUND CAVITY

Filed Aug. 23, 1952

cI/ I3

t -I

I I

'4k

U XU

/.4-l D. CwA9v\o

IIN VN TO P,

FIGURE 13. METHOD OF FORMING UNDER- ~Toz~-
Teefigure numbers refer to Appendix I text.
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United States Patent Office P.tt ,803,432
PaetdAug. 20, 1957

into the dlay formation 15. The tp portion of the hole
11 prefertibly is eased st 17 to preveat the caving ofovr

2AW,432 burden as the hole progresse. The bottom pirtion of
tM hu-6 desibry is under-reaumd to increase ift diam-

VME'THOD OF FO*AMRG UNDerGROUND CAVITY 5 Mter. as as 11, thus czpotiung formation of the final

Chnks F. Ts a, Csuin m dw , N. Y., sad Allm D. cavity.
Gasr-s, laue, Txa., sooleoac to Texaco DIeloip- After completion of the hole 11 a long central pipe 19

emss Ca atie.parf, New Yor, N. Y, a corporation terminating in an entrance is inserted to a point such that
of Delaware its entrance is a few inches from the bottom of the hole

Apfpicadon Augutst, 19532, Serial No. M.9" 10 for the removal of clay-laden liquid to the surface 13.
Surrounding the central pipe 19 in spaced relation there-

5 •. (0. 25--.l) to is a second pipe 21 which also extends down from
the surface 13 into the hole 11, but termin-tea a substan-

tial distance above the bottom of the central pipe 19 for
The present invention relates to the storage of fluid., 15 the injection of deflocculant liquid into the hole. Pack-

msch as liquefied petroleum gases, in underground storage ing glands 23 and 25 are disposed in the annulus 29 be-
cavities formed in clay beds beneath the surface of the tween pipes 19 and 21 to prevent leakage of liquid while
earth, permitting the outside pipe 21 to be moved lengthwise

Such fluids as liquefied petroleum gases have been stored along the central pipe 19 to enlarge the hole along its
successfully within tremendous cavities formed in salt 20 full length.
formations hundreds of feet below the surface of the earth. Deflocculant liquid is pumped through a conduit 27
Storage in salt cavities has proven quite successful but, and injected down through the annulus 29 between the
unfortunately, underground salt formations suitable for two pipes and is then discharged into the hole 11 through
this purpose are not available at every location where a plurality of circumferentially spaced discharge ports 31
storage space is needed. It is well known that large 25 above the gland 25. The washing action of the defloc-
under3round clay formations are located in numerous culant liquid is enhanced by discharging it through the
places where no salt formations exist, but up to the ports 31 as a plurality of lateral streams or jets with
present time there has been no known way for utilizing such a high velocity that they impinge against the side
such clay formations to store fluids, walls of the hole and wash the deflocculated clay detritus

In accordance with the present invention we have 30 down to the bottom where the clay-laden liquid 34 enters
found that a large underground storage cavity can be the central pipe 19 and is raised to the surface of the earth
formed within a clay formation hundreds of feet below there to be discharged through a pipe 32 into a screen
the surface of the earth by flowing into contact with such 33 which removcs much of the clay, and thence into a
a clay body a deflocculant liquid which deflocculates the slush pit 35 in which the remaining ciay settles. The
clay and forms a clay-laden liquid, which is then removed 35 w3shing action is accentuated by so constructing the ports
from the clay body to form a large cavity having a wall. 31 that they extend generally tangentially at an angle to
While water alone is a liquid which has some deflocculat- the pipe radius, as in Fig. 2, and thus discharge the liquid
ing effect upon clay, we prefer to employ a water solu- jets non radially so that they swirl around the wall of
tion of one or more chemicals which have a more pro- the hole.
nounced deflocculating effect, for example, the molecularly 40 Pipe 21 can be translated lengthwise of the hole to
dehydrated phosphate& move the iniected streams lengthwise and extend the hole

After the cavity has been enlarged sufficiently it is diameter the full length of the desired cavity while main-
advantageous to treat its wals to reduce their permeability, taining the lower end of pipe 19 near the bottom of the
and to prevent further deflocculation during operation for hole. Preferably the movement at the ton _thoto!d he srch
storage purposes. Permeability can be decrtesed by 43 as to form a conical ceiling 36 on the final cavity 39 to
treating the walls of the cavity with a material such as prevent caving of the ceiling.
sodium silicate in water solution. While the sodium While water alone has some deflocculating effect on
silicate can be employed alone in water solution, it is clay, it is preferred to incorporate in the water one or
advantageous to react the deposited sodium silicate with more chemical compounds which increase the deflocculat-
a material which causes silicic acid or silica to precipitate 60 ing effect and thus increase the speed of operation.
from the sodium silicate solution and deposit within the Among such chemical compounds are the alkali and
pores of the clay wall. Another procedure for reducing alkaline earth metal polyphosphates, such as sodium or
permeability is to coat the walls with a polymerized potassium tctraphosphate and triphosphate. The defloc-

plastic material such as rubber. - culating effect is aided by such materials even when
Continued defloeculation of the clay walls of the cavity 55 present in very small amounts, but the effect increases

can be avoided after its completion by treating the walls progressively as the amount increases up to saturation.
with a water solution containing a flocculating agent, such A =,i"..ay t.A.-,-,E.. ...t ~ - e..
as one or more salts from the group consisting of sodium and 0.50 percent of one or more of the above compounds.
and potassium thiocyanates, chlorates, iodides, nitrates, The clay-laden deflocculant liquid 34 can be removed
bromides, chromates, and chlorides. These agents can 60 through the central pipe 19 in any desired way, as by em-
be employed in a separate solution or in the sodium silicate ploying a auction pump or by operation with the cavity
solution previously mentioned. full of liquid under a hydrostatic pressure head. We

In the drawing: prefer, however, to force the liquid up at a rate such as
Fij. I is a schematic vertical sectional view of novel to maintain the level of the liquid pool in the hole at a

apparatus for creating a storage cavity in a bed of clay 65 point some distance below the ports 31 and the streams
by the principles of the invention; and therefrom, but a substanital distance above the entrance

SFig. 2 is a cross-sectional view taken along the line of pipe 19. by maintaining a layer of gas under presure
2-2 in Fig. 1. above the liquid, thus making it possible for the high

More in detail in accordance with the invention, the velocity jets from ports 31 to flow through gas filled space
first step after locating an underground clay bed of suf- 70 and impinge directly against the side walls of the hola and
flcitnt thicknes is to drill a deep hole 11 from the str- exert the maximum washing effect. Any suitablegas such
fLct; of tLh earth L1 down through intervening overburden as natural ga, ak, or cmrbon dioxide, can be cnploy4d,
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3 4
-at uepipet.-ly or y hrod ucing Itfro- aeedd tOMM osagh dos smuius 2f, In order tonmaintain the w.'lis

!!Il into thib annulus 29 to aom down into the hole along Of the stoai-a cavity In a compact scsi Impermeable 'con-
with the &tAocculant liquid. A conventional pressur dition It is advantageous to use as the control liqul4i a
risgulatosK 38 snulintalns a corAtant gra prettiuzn In thse h~ae. wate, solution of sodium silicate with or without & floc-

&ncx L- atlec O&culasst Liquid wintainiv%14 5 d Žflr ctflarat salt cif Lf.. i'...-. dAnh.-p-'vviountiv hcamsr.
or ad dxiocc:.uhr.*hg chemicals is quite vacluable, recur- Obviously, moany modikiatIons and variations of the

culatlndim &Lmd t employed, as by pumping usod liquid iavention, as herclnbtfore set forth. may be made without
tram ihe sgush, pit 33 back into the annulus 29. Make-up dvpaitin frcwn the apilz, "o scope thereof. PYAd therefore
liquid can be added as w-meded. only such limitations shoud be rnspoeeS as are Indicated

It way be found in some clays that the deflooculant 10 In the apponded claims.
liquid acts so rapi4ly upoa the clay wail ol the hole that We claim: -

tOm proportion of deflocculated clay in the liquid pool 34 1. A method fot cxtracting clay fro.m an undergiound
becoosec too large 2o handle effectively. When such a clay body and fo.-ning an underground storage cavity
situasiio arise it k dosirable to teArd deflocculation k-m- therein. wiald method comprising flowing Into contact with
pomrily by InjctlngS into the bole throagui the antiuius 15 said clay body a water solution of a defocculant chemickal,
29 m water solution containing at flocculatieg material such thereby delknculating clay with said solution and form-
as s*dA= or potassium chloride or khi other materials ing clay-laden liquid; removing said clay-laden liquid
itc.nttioned pivciousaly herein to Blow Intermittently into from said clay body. thereby forming a cavity having a
w,Ž.atiict with, the clay body to retard the rate of clay re- wall; depositing sodium silicate solution on said will; and
in.,val frou, the cavity wsll. After a short time the flow 20 introducing carbon dioxide gas into said cavity to react
of defiocculsting liquid ran be rsumed. This alternate with said itJium silicate arid deposit a precipitate on said
action of deflocculaklng and flocculating liquids can be wall to rcduce permeability thereof.
employed as oft",n as nccesmry to maintain the steady 2. A mrethod for extracting clay ftoca an underground
propsas of bole enilargement, clay body and icriming an underground cavity therein,

".ai~ the bole 11 has been enlarged to the desired 25 said method comprising flowing into cociact with said
diluneter over the desired length to form a storage cavity clay body a -water solution of a defloccutant chemnical;P
3", the clay wall of the cavity should bL treated ttý assure deflocculatlog clay with said solution and fonnhg clay-
Inipermeabil~ity, thus to prevent the leakage of liquefied laden liquid: removing said clay-laden liquid from said
petroleum geases or other liquids which are to be stored. ciPty body, thereby forming a cavity having a wall; inter-
Ibi cam be done by Impregnating the wall of the holt 30 mittently flowing into contact with said clay body a fioe-
with a sodium silicate solution to fill up the pores. For culant liquid to retard the rate of clay removal from said
diample, a water solution contain~ng 10 to 2G percent by well; and thea resuming the Row of said water solution of
vclumn of a low alkali sodium silicate in which the mcolec- a defloc-culant chemical.
ular raioa of silicas to sodiumn oxide falls within the range 3. A method for extracting material from an under-
of fromt 3.9: 1 to 1.5: 1 can be introduced Into the storage 33 ground earth formation and forming an underground
cAvity to fill ths: latter, or can be applied to the widls by cavity therein, said method comprising drilling a hole from
spraying it fhem the ports 31. If the sodium silicate treat- the surface of the ground down into said formation; In-
mrent alone is not completely satisfactory, it cap be fol- serting k pair of spaced pipes itito said hole and extending
lowed by trvntament wit a solution of a multivalent salt down into said formation, one pipe extending below the
such as calcium or aluminum chloride or a dilute acid 40 other pipe and terminating in an entrance near the bottom Isolution each as dilute sodium chloride or hydrochloric of said hole; injecting a material-removing liquid through
acid, to precipitate sillicl acid or vl- . said other pipe and thence through gas filled space against

Another procedure which can be used su=3eifully is to
spray such a sodium silicate solution on the walls of rhe the wall of said hole in a plurality of high velocity lateral
storage cavity throiugh ports 31 while maintaining with~in 4.5 stem to wash removed material down from said wall
the gtorag cavity a large volume of a gas containing a and form n pool of material-laden liquid-, maintainine the
saucient quantity of carbon dioxide to react with the level of said pool below said streams, hut a substantial

deposited sodium. silicate and precipitate silicic acid. Stich distance above said entranrce, by maintaining a olayer of
asW can be introduced from conduit 37 beforc or after gas under super atmospheric pressure above said pool;I

the silicate solution. t) ~ and forcing material-laden liquid from said hole through
lk,- -- I.. L- -A@ trcr.I7c b~ f~iWU I S ofl ;a: at a. =0 ;c

dered as Impetnicable as possible, but there must Also be that the level of said peol is maintained below said lateral
assurance that further defloeculation will not occui when streams.
the cavity Is later operated for thf. storage of fluids. This 4. A method in accordance with claim 3 wherein said
can be accortplished by applying to the wails of the stor- 33 lateral streams are injected non-radially and swirl around
age cavity 39 a solution of a flocculating chemical corn- sad wall.
pound such as aodlu'n or potassium chlorides, or arny other 5. A method in accordance with claim 3. also com-
salt selected from the group consisting of the sodium and prising moving said streams lengthwitic of said hole by
potassium thiocysnates, chloh-ates, iodides, nitrates, bra. translating said other pipe lengthwise to Increase the size
mnidas, chromnates and chlorides. While even mninor quan- 60 of said cavity while mairitaiining the lower end of saild one
titles of these salb inhibit deflocculation, it is desirable pp ertebto tsi oe
to maintain the salt content of the solution within the pp ertebto fsi oe
range of from 20 percent hy weight up to the saturation _RPsa___ Ob n th fil of this natent
value of the dissolved cootponennc The salt cotn be ap-
pled as a separate solution or can he incorporated in the vs UNITED STATES PATENIfT
sodium silicate solution previously mentioned. 342,274 Wagner --------------- May lB, 1986

After the storage cavity 39 has been completed as de- (71,429 Bacon ----------------- Apr. 9, 1901I
scribed above, it can be immediately used tor the storage 1,421,706 Van Auken ------------ July 4, 1922
of a flui suich as liqteided petroleum gas. The cavity can 1,438,585 Feldenhisein ---------- Eft. IL, 122
he file with a suitable control liquid such as a water 70 1,776,689 Claytor --------------- Sept. 30, 1930
solution and the liquiefied petroleum gas then ptulpe t,ý6O932 Tracy ----------------- Mayf 29. 1934
down through the annulus 29 to displace solution up 1,978,655 Straight ---------------- Oct. 30, 1934
through the central pipe 19. When gas later is to be 2,198,120 Lerch---------------- -Apr, 23, 194
withdrawn fromt the storage cavity, solution is pumped
down through the central pipe 19 and dispilaces s- usp 73 (O&x releemees on hillewbe P264
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U M STAT"S PATOM 2.36..039 Andmun --------------- Dec 12, 1944

2,239,647 Garrison -------------- Apr. 22, 1541 2.51,M F-LUVUU -.......... M-i. i-, 19-2
2,251.9J6 Cro ...... Au&. 12, 1941 2.720,381 Quick ............. -Oct. 11. 1953
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May 9, 1961 C. F. TEICHMANN ETAL 2,983,103

UNDERGROUND STVRAGE OF FLUIDS IN CLAY EEDS

Filed Jn-. 17. 19-75
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FIGURE 14. UNDERGROUND STORAGE ''
OF FLUIDS IN CLAY BEDS

'These figure numbers refer to Appendix I text.
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United States Patent Office patented 2ay98, 101

1 2
overburden into the clay formation IS. T7he lop portion
of the hole 11 preferably is cased at 17 to prevent the

4003,143 caving of overburden as the hole progresses. The bottom
UNDZRGROUND 611RAGEc OFvi MSI portion of the hole desirably is under-reamed to ificreale

CLAY 3EM~ its diameter, as at 18, thug expediting formation of the
final cavity.

Chwuss F. Tsldsamm, Cragswocd N.Y., NA AIkm 0- After C1pleion of ;ne holAe 11 U loog eCuLral pipe
(wimm-a La Jaon.Caw MuEN-ho tos Tsxmao Develop- I9'is inserted to a point a few inches from the bottomi of

~ Cepogm, Nw Ysi~N.Y. a ~ts~ig~kia the hole for the removal of clay-laden liquid to the sur-
10 face Li.

Ifled hA. 17, 1957, 8w, No. 6SVWM Surrounding the central pipe 19 in spaced rein ion
1 Cwm(CL 6--J)thereto is a second pipe 21 which also extends down from
1 leL(CI, 1-J)the surface 13 into the hole It, but terminates a sub-

stantial distance above the bottom of the central pipe
Mw present Invention relates to the soamp of fluids, to 19 for the injection of deflocculant liquid into the hole.

such as liquefied petroleum gases, in underground star- Packing glands 23 and 25 arc disposed in the annulus
ago cavities formed in cliay bedis beneath the sumface of 29 between pipes 19 and 21 to prevent leakage of liquid
the earth. while permitting the outhide pipe 21 to be moved length-

Such fluds @A liquefid petroleumn gams have beeno wise along the central pipe 19 to enlarge the bole along
stored stiocesafully within tremendous cavities formed 30 its full, length.
in salt formnations hundreds of feet below the surfacis of Deflocculant liquid is pumped through a conduit 27
the earth. Storage in salt cavities has proven quite sun- down through the annulus 29 between the two pipes and
cestul but, unfortunately, underground salt formations is then discharged into the hole 11 through a plurality of
suitable far this purpos are not available at every loca- circumnferentially spaced discharge ports 31 above the
tion where storage apace is needed. It is well known &S glaind 25. The washing action of the deflocculant liquid
that large underground clay formations are located in is enhanced by discharging it through the ports 31 as
numerous place where no salt formations exist, but up jets with such a high velocity that they impinge against
to the present time thene has been no known way for the side walls of the bole and wash the dellocculated clay
utilizing such clay formations to dotoe fluids, detritus down to the bottom where the clay-laden liquid

in accordance with the present invention we have found 30 34 enters the central pipe 19 and is raised to the surface
that a large underground alorage cavity can be formed of tht earth there to be discharged through a pipe 32
at the bottom of a well within at clay formation hundreds into a screen 33 which removes much of the clay, and
at fee below the surface of the earth by flowing into thence into a slush pit 35 in which the remaining clay
contect with such a clay body a deflocculant liquid which settles. The washing action is accentuated by so con-
deatloceslates the clay and forms a clay-laden liquid, which W8 structing the ports 31 that they extend generally tangen-
is then removed from the clay body to form a large cavity. tially at an angle to the pipe radius, as in Fig.. 2, and thus
Whlie water Walne is a material removing liquid which dischiarge the liquid jets so that they swirl around the
bas. somse defiocculaling effect upon clay, we prefer to em- wall of the hole.
ployr a water solution of one or more chemicals which Pipe 21 can be moved lengthwise of the hole to ex-
have a more pronounced ddfocculatlng effeoct, for ex- 40 tend the hole diameter the full length of the desired cavity.
ample, the molecularly dehydrated phosphates. Preferably the movement at the top should be such us to

Alter the cavity has been enlarged swifficlently it is ad- form a conical ceiling 36 on the final cavity 39 to prevent
vantsgeous to treat Its walls to reduce their premeability, caving of the ceiling.
and to prevent further deflocnlatlon during operation for While water alone has some deflocculating effect on
storage purposes. Permeability can be decreased by treat, 4 clay, it is preferred to incorporate in the water one or
iag the walls of fth cavity with a material such as sodium more chemical compounds which increase the deflocculat-
silicate in walr solution. While the sodium silicate can ing effect and thus increase the suwd -af opneration.
ne 0sapioyed sione in water solution, it it, edvantageouss Among such chemnical compounds are the alkali and
to readt the deposited sodium silicat with a material alk-aline earth rneta polyphoaphates, such as todiurn or
which causes guiiei acid or silica to precipitate from the 50 potassium tetraphosphate and triphosphate. 71in defloc-
sodium silicate solution within the pores of the clay wall. culating effect is aided by such materials even when pres-
Another procedure for reducing permeability is to coat ent in very small amounts, but the effect increases
the walls with a polymaerized plastic materia such as nxb- progressively as the amount increases up to an optimum.
ber. A suitable deflocculant liquid may contain between .001

Continued deflocculstlont of the clay walis of the cavity and 0.50 percent of one or more of the above compounds.
can he avoided after its completion by treating the walls The clay-laden dellocv'ilant liquid 34 can be removed
with a water solution containing a flocculating aget, through the central pipe 19 in any desired way, as by
such as one or more salts from the group consisting of employing a suction pump or by operation with the cavity
sodium and potassium thiocyanattes, chloratee, iodides, full of liquid under a hydrostatic pressure head. We
nitrtwes, bromnides. chrosnates. and chlorides. 7Th 1-~ - rf In'e theeic~ fih i~d i
agentis can be employed in a separate solution or lin the hoe at a point sonmc distance below the ports 31 by main-
sodium silicate solution previrously mentioned. tainsing a gas under pressure above the liquid, thus making

In the drawing: it possible for the high velocity jets from ports 31 to
ftI. 1is a schematic vertical sectional view of novel bimpinge directly against the side walls of the hole and

qawerat for creating a storage cavity in a bed of clay 65 exert the maxaimum washing effect. Any suitable gas such
by the principles of the Inventon; and as natuiral gas, air, or carbon dioxide, can be employed,

ftg 2 is a crss-eactional view taken along the lin either independently or by introducing it from a conduit
"2- In Fig. 1. 37 into the annulus 29 to flow down into the bole along

More in detail In scoomdance with the invention, tho with the deflocculant liquid. A conventional pressure
Amrs step attar locating an underground clay bed of sta- 70regulator 31 mainitains a constant gas pressure in the hole,
Relent thickne. is to drill a deep hole or well 11 from Siace the defiocculant liquid containing polyplsosphates

thesarface of the cearth 13 down through bItervening or other deflocculating chemicals is quite valuable, recir-
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culatlost should be em~4msb upt sdliquid of the storag cavity In a cwmpact amid hVWMeab Coe&d
from the slush pit 35 back Into the annulus 29. Make-up tion it is advantageousi to use as the ocatrol liquid a water-
liquid can be added us needed. solution of sodium aflicat with or wihout a Leeculaui

It maiy be found in moma clays that the deflocculant salt of the type described previously herein.
liquid acts so rapidly upon the clay wall of the hole that g The asetbod of storing liquefied petrolem Sam die-
the proportion of deflocculated clay in the liquid pool scribed above also can be used for storing many Uqiide
34 becomes too large to handle effectively. When mudh as wet! as gasm, which do not adversely affct the walls
a situation arises it is desirable to retard detlocculation of the dlay cavity. For example natural pa andl butane
ter'iporarily by injecting into the bolt through the annulus can both be eored as liquids or pace. Also, iselin a&M
29 a water solution containing a flocculating material 1o other normally liquid petrolemum hydrocarbwoe can be
such as sodium or potassium chloride or the other pumped from tho surface of the earth down Itoo such a
materials mentioned previously herein. After a short cavity and stored sucoemflally.
time the flow of dellocculating liquid can be resuimed. An important advantage of thin selmthd of slorjso Is
This alternate action of defloculatng and flocculating that little jf any of the stored fluid is lost due to leaks..
liquids can be employed as often as necessary to main- 15 Or evapors'*ioc. Ibis Is in larg part due to the forma-
Wan the steady progress of hole enlargement, tion of the cavity by washing it out with is water solu-

After the hole 11 his been enlarged to the desired tion, followed by treating the walls to sea them. Any
diamete: over the desired length to form a storage cavity naturally existing pores, fissures or other natural inhomo-
39. the clay walls of the cavity should be treated to assure genaltics are filled, covered over and aealed by clay anid
impermeability. thua to prevent the leakage of liquefied .o the sealing chemicals.
petroleum gase or other liquids which are to be stored. Ibis application is a cosditnation-in-part of applesicato
This can be done by impregnating the wall of the hole 8cr. No. 305,964, Mald Augus 23, 1952, now U.S. Patent
with a sodium silicate solution to fill up the pores. For 2,803,432, granted August 20, 1957.
example, a water solution containing 10 to 20 perzent by Obviously, mnany modifiations and variations of the
volume of a low alkali sodium silicate in which the 26 invention, as hereinbefore set forth, may be mae& without
molecular ratio of silica to sodium oxide falls within the departing fromn the spirit and scope thereof, and therefore
range of from 3.9:1 to 1.5: 1 can be in fnduced into the only such limitations should be imposed as are indicated
storage cavity to fill the latter, or can be applied to the in the appended claim.
walls by spraying it frome the ports. 31. If the sodium We claim:
silicate treatment alone is not completely sat:,sfactory, it 30 A method of operating an underpjoun d uid storage
ran he followed by treatment with a solution of a multi- reservoir comprising a cavity In a natural underground
valent salt such as calcium or aluminum chloride or a clay body beneth the surface of the earth, sai method
dilute acid solution such as dilute sodium chloride or comprising providing ia said reservoir a pool of a water
hydrochloric acdd, to precipitate silicic acid or silica, solution containing at least ono salt selected from fth

Another procedure which can be used wuccafully is 35 group consisting Of Sodium and Poassium thiocYSanatee
to spray such a sodium silicate solution on the walls of chlorates, lodides, nitrates, bromides, cbramateas and ohio-
the storage cavity through ports 31 while maintaining rides to prevent deflooculatlon of said dlay and keep the
within the storage cavity a large volume of a gas con- walls of said reservoir stable and impermeable feeding
taining a sufficient quantity of carbon dioxide to react a stream of the fluid to be stared Into said remrvoix under
with the deposited sodium silicate and precipitate siliclc 40 a presure suff91cient to dWispac wate solution from saidd
acid. Such a Vas can be introduced from conduit 37 pool to the surface of the easlh, avil aueequeatly reoor-
before or after the silicate solution. erng the flui so stored by hfeein a streams of said water

Not only should the walls of the storage cavity be solution beck into said reservoir under a pressura suE-
rendered as impermeable as possible, but there must also cient to displace stored fluild from said, reservoir to the
be assurance that further deflocculation will not ocrgsurface of the emalth whereby the walls of said reservair
whim the cavity is aimzo operated for mhe storaix Of uituds. nit Aepn sma %Uw miUPwuvm.

Thi can be accomplished by applying to the wails of
the storag cavity 39 a solution of a flocculating chemical edalasimm CitediIn the fie of this plamte
compound such as sodium or potassium chlorides, or an~y UNITED STATES PATENTS
other salt selectedl from the group consistin of the sodium 0 Re. 24,318 Pattlason ------------- May 14, 1937
andi potassium thiacynnates, "hlrates, loidine, nitrates. 671,429 Bacon----------------- Apr. 9, 1901
biomildes, chromates. and chlorides. While even minor 14176 Mls----------ll .12
quantities of theme salts inhibit deflocculation, it is desr 1,460,708 Camills---------------- July 4, 1923
able to maintsin the salt content of the solution within te 2,196,120 Lerch----------------- pr 23,19
range of from 20 percent by weight up to the saturation 65 2,200,710 Bent eta.------- ;------- May 14, 1940
value of the dissolved component. The salt can be applied 2,239,647 Garrison-------------- Apr. 14s 1941as a separate solution or can be incorporated in the sodium 2,365,039 Andlersn-------------Dec.- 12, 1944

siiaeslto rvosymnind ~ ~ ,After the storage cavity 39 baa been completed as de- ------------
2----- ------ ----- ---------- Jan. 1, 1W99scribed above, it can be irmmediately used for the. st.oraeP 0 2,720,361 Quick---------------- Oct. i1, 1955

ofa fluid suchas liquefied petroleum S&L The Cavity can 2,803,114 Hudon --------------- g.n 20, 1957
be filled with a sulitable control Liquid such as awae 2,803,432 Toidihmans ------------ Aug. 20. 1957
solution and thz liquefied petroleum Sao then pumped
down through the annulus 29 -) displace solution up FOREIGON PATENTS
through the central pipe 15.X then gas lster is to be 6S 731,917 Greet Britain------------------15
withdrawn from the storage cavity, eolution is pumped
down through the central pipe 19 and flqlaccm pa up OTE REFERENCES
through the annalc 29. In ceder to mahntain the walls *,Cye by Rularih lice, rd ad. 1927; pop 183.
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APPENDIX II I
ACID CONSUMPTION OF CLAY SOILS

This appendix presents a report of detailed procedures and results

obtained for laboratory tests performed in order to determine the effect

of various acids upon clay soil samples. Soil samples used in the

experiment were obtained from a site located approximately six miles

north of Bryan, Texas, and from a site in the vicinity of Freeport, Texas.

Logs of the borings drilled near Bryan are included in Appendix VI. Appro-

priate cost data are also included. The work was conducted during June

and July, 1970, by Dr. Roger D. Whealy, Consulting Chemist, College

Station, Texas, for Spen~cer J. Buchanan and Associates, Inc., Bryan, Texas.
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INTRODUCTION

"Clay" is a nite given to a family of soil types. A large number

of X-ray diffriaction studies have been made of clay, and the general

structure has been well defined. The hexagonal sheets characteristic

of clay minerals and micas are never found as simple structural units.

They are composite layers built vu of one or two silicon-oxygen sheets

(Si205 groups ) combined with layers of hydroxyl groups which are

firmly cemented to the silicon oxyge:i sheets by trivalent or divalent

cations, principally aluminum or mnagnesium in most clays. The general

formula A!'(Si205)(OH) is an empirical formula which defines the

composition of kaolinite. The disintegration of clay would appear to be

the elimination of the hydroxyl bonds with acids and/or the complexing

of the metal ion. The acid tl .atment of oil wells is at least a quite

similar process and mixtures of hydrochloric acid and hydrofluoric

acid are commonly used for this purpose. The hydrofluoric ucid will

react with the aluminum, cation to form the hexafluoro aluminum ion and

it will also attack silicon compounds to form either SiF or H SiF
4 2 6'

This mixture would appear to be the best acid system for decomposing

clays. However, it has two disadvantages: (1) It is rather expensive, and

(2) hydrofluoric acid is a dangerous chemical to be used by untrained

personnel.

QUALITATIVE DATA FROM SPENCER J. BUCHANAN & ASSOCIATES, INC.

In order to obtain gerteral information on deagjiregation of clay soil

by the use of chemicals, a number of preliminary experiments were made

by S.J. Buchanan and Assoc. The following reagents were combined with water

where indicated and added to clay samples, with negative or very incomplete

results: (i) concentrated hydrochloric acid, (2) concentrated hydrofluoric

acid, (3) 20% by wt. sodium chloride, (4) 20% by wt. potassium hydroxide,
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(5) 10% by wt. sodium hydroxide, (6) 10% by wt. polyvinylpyrrolidinone,

(7) 20% by wt. dir'cti-yformamid•, (8) 10%o" by wt. sodium, phosphate, (9) 15%

by wt. Calgon with sodium carbonate, (10) 10% by wt. Calgon with 10% tetra-

bromethane, (11) 1.0% by wt. ammonia, (12) 10% by wt. potassium phosphate,

(13) 10% by wt. acetic acid, (14) solutions of Calgon ranging from 2%

by wt. to saturated, and (15) 25% by wt. Calgon with sodium bicarbonate.

In the same series of experiments dilute solutions of sulfuric,

nitric, and monochloracetic acid were used and the following results

were tabulated: (1) an approximate 10% by weight monochloracetic acid

(about 1.5 N solution) destroyed the test cavity clays almost completely

in 15 minutes and the Dow clay samples in a few hours time, (2) 28

grams of concentrated nitric acid in 200 ml of water (about 1.4 N

solution) destroyed test cavity clay in about 2 hours, (3) 0.1 N sulfuric

acid reacted much more rapidly and clay was nearly 100% destroyed in

17 hours, and (6) approximately 13.0 N sulfuric acid destroyed the clay

in about I hour. In this preliminary work the clay samples had not

been weighed Lut a fair estimate of the weight would be about 125 grams

per sample. Although the information from these experiments is somewhat

limited there are some rather definite conclusions which can be drawn:

(1) acids are effective agents for deaggregating the clays, (2) the

rate of decomposition is dependent upon the concentration of the acid

-s , `-e tott w^i---out of clay destroyed is directly related to

the amount of acid consumed (this is not strictly true unless some

mechanism is available to rapidly separate the disintegrated solid

material from the acid), (4) the individual clay samples reacted quite

differently to the acids.
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Considering the above facts, it seemed that the next logical step

would be to design some experiments which would give more quantitative 11
information concerning the consumption of acid by the different clays.

STUDY OF ACID CONSUMPTION OF CLAY SAMPLES

The previously noted experiments conducted by Spencer J. Buchanan

and Associates provided considerable qualitative information concerning

the problem. The tests demonstrated that several different acids would

deaggregate clay, but provided very little quantitative information

concerning the amounts of acid needed. The following experiments were

instituted to give at least an estimation of the amounts of acid needed

and at least a rough estimate of the cost.

Samples of clay, weighed to the nearest 0.1 gram, were placed in

reacting vessels and 200 ml. of the dilute acids were added. The sulfuric

acid was approximately 3% (v/V) and its concentration was found to be

1.08 equivalents/liter. The dilute hydrochloric acid was approximately

8% (v/V) with normality of 0.968. The nitric acid was approximately 5%

(v/V) with a normality of 0.790. The samples containing the sulfuric

and hydrochloric acid were analyzed for acid content after both 1 hour

and 5 days of contact with the clay. The nitric acid samples were

analyzed after 24 hours of contact with the clay. From these data, the

information presented in the subsequent tables was calculated.

An unanticipated problem arose in this work. Titration of the acid

solutions which had been in contact with the clays revealed that a

considerable amount of aluminum and/or iron would react with the base.

The acid from the samples was therefore titrated to pH = 3 with the base.

Under these conditions most of the acid would be titrated but reactions
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of the hydroxide ion with metal ions would be held to a minimum. The

acid concentration was rounded off it, the third significant number to

either 0 or 5 (perhaps they should be rounded to the second significant

number).

Following is a brief explanation concerning the data in Table VI.

All of the data shown refer to sulfuric acid (H2 SO4 ) in contact with

ten different clay samples for 1 hour. Approximately 3.0% (v/V)

solution of the acid was prepared and the concentration determined to

be 1.080 normal. Then 200 ml. of the dilute acid solution was pipetted

into each sample containing a known weight of clay. The acid content of

the solutions was determined after 1 hour of contact with the clay.

The concentrations of the acid, In equivalents/liter, after 1 hour of

contact with clay, are shown in column 1. The number of equivalents of

acid remaining are shown in column 2 (this is 1/5 th of the number in

column one, since 1/5 th of a liter was used). Column 3 shows the

equivalents of acid used in the reaction, and was obtained by subtracting

the equivalents of acid remaining from the number of equivalents in the

original solution.

Column 4 gives the weight of acid consumed, which is found by

multiplying the number of equivalents used by the equivalent weight

(49.0 for sulfuric acid). The actual weights of the clay samples are shown

in column 5. The grams of acid consumed, mult1,.Uied hby 100l A An.d.-dii-

by the grams of clay, are shown in column 6. The following conversion

equations were used in calculating the data in column 7:
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g (acid) g(clay) 10i cm3  764.5 Lg(clay) x-3 x 3 x 3
lbs. cM L yd.

wt. acid in yd.3  453.6 g

lb.

If the assumption is made that the clays have a density of 1.6-c•

then the equation simplifies to:

weight acid in lbs. g(acid) 2698

yd.7 g(clay)

This equation was used with 2698 rounded to 2700 in calculation of the

lbs. of acid used per cubic yard, which are shown in column 7. The

numbers shown in column 8 are the gallons of concentrated acid which

would be consumed by one cubic yard of clay in contact with the acid
for one hour. These were obtained by dividing the number of pounds per

cubic yard by the number of pounds per gallon. The data shown in column

9 are estimated costs for the acid in dollars per cubic yard of clay.

They were based on a price of $0.1775 per pound for sulfuric acid in

tu...a... . . ..by qO.T. B pL*.ld1The cost of this pure

acid is probably much higher than would be incurred by using a low grade

acid which would be just as useful for deaggregation of clay. However, the

cost of acid delivered in drums is considerably higher than acid delivered A

in truckload lots. Conversions can easily be made for different acid costs

by multiplying the figure in column 9 by the new price quotation divided

by $0.1775.

All data in Table VII refer to 0.968N hydrochloric acid (HCI) which

was in contact with the respective clays for 1 hour. The data were

compiled in the same manner as for Table VI except that appropriate changes
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were made for the different acid constants. The cost calculations shown

in column 9 were based on a J.T. Baker price of $0.2125 per pound. All

data in Table VIII refer to 0.79N nitric acid (PNO-) which was in contact

with the clay for 24 hours. The data were compiled in the same manner

as the two previous tables except the proper constants were used for

nitric acid. The cost data are based on the J.T. Baker price of $0.235

.per pound.

Perhaps the conversion factors involved in the calculation of the

data in columns 8 and 9 of Tables VI, VII and VIII should be defined. The

data shown in column 7 are the weights of pure acid which react with a

cubic yard of clay. The numbers shown in columns 8 and 9 are defined

in terms of the usual commercial concentrated acids which are not 100%

acid.

For H2 So4 : approximately 96% pure with density 1.84 g./cm.3

cm'3 i8 .c•(.
wt. Pure H SO 3785 x1.84 S.cmý (0.96)

2 4 - gal.

gal, Conc. Acid 453.6 g./lb.

= i5.3 lbs. of Pure Acid
gal. Conc. Acid

To convert the data in column 7 (lbs. of pure acid per cubic yard) to

gallons of concentrated acid per cubic yard the number in column 7 should

be divided by 15.3.

For HCl : approximately 37.2% pure with density 1.19 g./cm. 3

3

S HCI375 cm- x 1.19 g./cm? (0.372)

gal. Conc. Acid
453.6 g./lb.
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lb. of Pure Acid j
- 39 gal.of Conc. Acid

To convert the data in column 7 (pounds of pure acid per cubic yard

to gallons of concentrated acid per cubic yard) the number in column

7 should be divided by 3.69.

For HNO3  : approximately 702 pure with density 1.42 g./cm.3

cm.3
3

wt. Pure HNO3  3785 gal x 1.42 g./cm.3 (0,70)
gal. Conc. HNO

453.6 g./lb.

lb. of Pure Acid=8.30 gal. of Conc. Acid

To change the data in column 7 (pounds of pure acid per cubic yard to

gallons of concentrated acid per cubic yard) the number in column 7

should be divided by 8.30. Since the cost is defined in terms of

dollars per pound of concentrated acid, the conversion from pounds of

pure acid to pounds of concentrated acid must be made in -e-•mati-g the

cost.

Equation for Cost Determination:

(lbs. of Conc. acid) x (purity) - lbs. of pure acid

lbs. of pure acid
lbs. of conc. acid flc % purity of conc. acid

lbs. of pure acid
Cost - x Cost per lb. of conc. acid

% purity of conc. acid

76



a.) Sulfuric Acid (H2 So 4 ) - 96% pure

The number in column 7 was multiplied by the cost per pound

with no correction made for purity.

b.) Hydrochloric Acid (HCl) - 37.2% pure

ibs. of pure acid
Cost - 0.372 x Cost per lb. of con.c. acid

c.) Nitric Acid (HNO 3 ) - 70% pure

lbs. of pure acid
Cost - 0.70 x Cost per lb. of conc. acid

The results of these calculations are shown in column 9.

The data in column 9 of Tables VI and VII indicate that approximately

the same amount (in terms of equivalents of acid) of sulfuric and

hydrochloric acid react with a given sample of clay. The calculations

in Table IX are a method of comparing the amounts of acid reacted in

a one hour time period. The data indicate that in each case more

sulfuric acid than hydrochloric acid has reacted in this space of time.

The numbler are for the most part of the same order of magnitude for

a particular clay. Perhaps the difference in consumed acid was due to

the fact the sulfuric acid was about 10% more concentrated than the

hydrochloric. Also the timing was approximately 1 hour and perhaps

the sulfuric acid was actually in contact with the clay a somewhat

greater period of time.

The five clay samples 1656, 1657, 1662, 1663, and 1695, are all

quite similar in appearance. The acid consumption of the last four in
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sulfuric and hydrochloric was quite similar, but vastly different

from sample 1656. This was true of both the 1 hour and the 5

day results. However, in the nitric acid the acid consumption was

quite similar for all five samples. The three clay samples 2494,

2495, and 2496, are very similar yellow colored clays. Clay sample

2497 is yellow with a chocolate brown tinge. Clay sample 2503 is

chocolate brown in color. The variation in acid consuming property

is not: as great in these five as in the previous samples, but there

are some rather marked differences.

One possible explanation of the variations is the presence or

absence oi shells. Some of the samples contained considerable amounts

of shell while others were relatively free from shell. Apparently, the

acid first breaks the clay structure, which then exposes the shell

that in turn reacts more slowly vith the acid. Thus, less acid is

consumed in a given period of time.
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TABLE VI

SULFURIC ACID (H2 So 4 ) CONSUMPTION OF CLAY

60 co•' ' •• • ••'
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0 4.4 CS ;
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1657 0.67 0 0 3.7 4 0 310 . 4

U .. . . . .. .tou 5.2 iin. 5.2 1 2. 9. t5 -

2491 4 000 ,160 0.05 2.7 10.co8700 48 1

2495 0.7 V 0. 0, 3.97 04 *.79 14 (,01
04~ v

1  
-44 4J '-o tv CW:IO U

29 C 04 70 > 0. 15 6 0 > >7
P497 .4 0 00 W04 3.28 . 0 0P 6-1 1z4(a Ia 0'v. V1,- VO COr4 . -

204 0,35 01 00.0 4. 02 40 40.4 19
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2 N.) Desi of ~ cla saple assme tol *e .6 0ra-s/
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1656 0.900 0.180 0.036 1.76 120.4 1.47 -39.7 2.7 7

1-657 0.675 0.135 0.081 3.97 100.2 3.96 107.0 7.3 19

1662 0.540 0.108 0.108 5.29 110.1 4.81 130.0 8.9 23

1663 0.4 . 08 008 5.29 100.4 5.27 142.0 9.7 25

1695 0.470 0.094 0.122 6.00 103.7 5.67 155.0 [0.6 27

2494 0.800 0.160 0.056 2.74 106.4 2.58 70.0 4.8 12

2495 0.675 0.135 0.081 3.97 104.71 3.79 102.0 7.0 18

2496 0.470 0,094 0.1.22 6.00 105.5 5,67 155. 0 10.6 27

2497 0.7451 0.149 0.067 3.28 99. 3.30 j89. 0 6.1 j16
2503 J0.635j1 .17 10 .089 1 4.36 1108.2 4.031109 01 7.4 J19

Note: J..) Initial concentration of acid 1.08 equivalents/liter

2,) Density of clay samples assumed to be 1.6 grams/cc.
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TABLE VII

HYDROCHLORIC ACID (HC1) CONSUMPTION OF CLAY
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1656 0.840 0.168 0.031 1. 13T3123.9 0.916 24.8 6.7 14.5 >70

1657 0.620 0.124 0.075 2.74 111.8 2.44 66.0 17.9 38.7 >98

1662 0.470 0.094 0.105 3.82 119.3 3.22 84.0 22.7 47.6 >97

1663 0.595 0.119 0.080 2.92 100.5 2.90 78.5 21.3 45.0 >99
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2494 0.745 0.149 0.050 1.83 114.8 1.60 43.2 11.7 24.7 >61I

2495 0.670 0.134 0.065 2.37 102.6 2.31 62.1 16.8 35.5 >51

2496 0.415 0.083 0.116 4.23 107.4 3.94 106 28.8 60.6 >99

2497 0.755 0.151 0.048 1.5114.8 1.53 41.3 11.2 22.5 >47

25031 0M251 0.1251 0.074 12.701 111.41 2.42 165. 5_ý7137.5 1>97
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TABLE VIII

NITRIC ACID (HMO CONSUMF!TION 0F .LA. I
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1656 0.094 0.019 0.143 9.0 122.6 7.36 198 24 66

1657 0.091 0.018 0.144 9.0 124.7 7.21 195 23 65

1662 0.095 0.019 0.143 9.0 145.1 6.20 167 20 56

161)094. 0- 0-1 0:143 9:9. :0 238 29 80

2494 0.380 0.076 0.082 5.1 86.6 5.88 159 19 53

2495 0.350 0.070 j0.092 5.8 107.4 5.40 146 17.5 49
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2503 0.076 0.01510.147 9 22 9.1 248 30 83



TABLE IX

COMPARISON OF ACID REACTED IN ONE HOUR

-4i

OC

-W4

d) 4.0 W . $

.00 b4-40

t; 4Ut

1656 3.0 2.5

1657 8.1 6.7

1662 9.8 8.8

1663 10.8 8.0

1695 9.1 8.8

2494 5.3 4.4

2495 7.7 6.3

2496 8.9 7.7

2497 6.7 4.2

2503 8.2 6.6
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DISCUSSION OF RESULTS

All of the data indicatc that a certain level of acid concentration

is necessary to provide a reasonable reaction rate. In 0.1 N acid the

reaction is proceeding but at a slow rate. Although there is no great

decomposition of the clay in these acid solutions, the pH of the solution

continues to rise to a final value between pH = 3 and pH = 4. In the

solutions of strong acids (sulfuric, nitric, hydrochloric), which were

originally about 1.0 N, the reaction apparently was complete when the

solution had a pH of about 1.0. In the case of the 1.0 N weak acid

-3(monochloracetic - K = 1.5 x 10 ) the pH of th2 solution after several
a

days contact with clay was in the pH range of 2.5 to 3.5. All of these

data are fairly consistent with the idea that the final total consumnption

of acid is independent of the type acid present.

The data in columns 7 of Tables VI and VII indicate that sulfuric

acid will react with clay more rapidly than hydrochloric acid. However,

this interpretation is not essentially conclusive. There are several

possible explanations for these results. The sulfuric acid waL, approximately

10% more concentrated than the hydrochloric and previous results have

indicated that the reaction rate was dependent on the concentration of the

acid. In most of the samples, the variation betiveen the two acids in

acid consumption during the first hour, was less than l1%. Also, the

timine was not exactr ,an t sulfuric acid may have been in contact with

the clay a slightly longer time. The actual differences noted are prob-

ably not significant.

The very large differences in acid consumption for nitric acid which

was in contact with the different clays for 24 hours as compared to the
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acid consumption of sulfuric and hydrochloric in contact with the clays

for I hour are highly significant. This clearly shows that the total

acid consumption will, to a great extent, depend upon the time the acid

is in contact with the clay. The relatively small differences in acid

consumption for the sulfuric and hydrochloric acids for one hour are

probably not significant.

A number of factors will affect the optimum conditions for decompos-

ing clay. The first, and perhaps the most important, is the nature of the

clay. If it contains relatively large amounts of extraneous materials

which will react with acid, such as carbonates, it may disintegrate the I
clay rapidly but continue to react with these compounds. Under this

condition the most important factor would be minimizing the total time

the acid is in contact with the clay. If a given clay had small amounts

of material, other than the clay, which would react with acid, then time

ceases to be an important factor.

The concentration of the acid used will be a factor. The rate of '
disintegration will in general be related to the acid concentration.

Greater concentration will result in faster disintegration and the excess

acid and solid material can be removed from the cavity more rapidly, thus

decreasing the total time the acid is in contact with the clay. This

will be particularly important if the clay contains a large amount of

"extraneous material which reacts with acid. Most of the sea shells, etc.,

ara "tr really e1nosed to the n ctinn of thp nrle untl the str.cture of

the clay is broken down.

If a recycling process is to be used, it is important that the acid

in holding tanks be isolated from the clay as rapidly as possible. The

important thing is the total time the acid is in contact with the clay,
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whether in the cavity or in the holding tank.

The data indicate that hydrochloric, sulfuric, nittic, and

monochloracetic acids could all be used to decompose the clay. The

factors which should be considered in selecting the particular acid

are cost, hazard to operators, ease of handling, waste disposal problems

and effect on machinery involved. The four acids are discussed in terms

of these factors with the omission of the machinery question.

Serious consideration was not given to the monochloracetic acid. It

would be the most expensive reagent to use, it is very poisonous, and there

would be a serious problem in disposing of the waste product. Its single

advantage would be in ease of handling because the acid is in crystal

form at ambient temperature.

Nitric acid is less desirable than either sulfuric or hydrochloric.

It is more expensive, and it is a more hazardous chemical in the hands

of unskilled or semiskilled operators than either of the other two acids.

Its one real advantage would be in the ease of disposing of the waste

product. The excess acid could be neutralized with lime or other strong

base, and then diluted with water to give a harmless solution.

Hydrochloric acid could be a possible choice. The data indicate

that it would be about twice the cost of sulfuric. The hydrochloric acid

is mueb less hazardous in the hands of unskilled operators than any of the

other acldc. A mask to protect the eyes and the respiratory tract, and

sufficient water to remove any acid spilled or sprayed on the body of

operators would be essential. The disposal problem with hydrochloric acid

would be minimal. The acid could be neutralized with lime or other

strong base and diltited with water to a harmless solution. The hydrochloric
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acid would be the easiest reagent for unskilled or semiskilled people

to use.

Sulfuric acid would be the least expensive acid to use by a rather

wide margin. Although sulfuric acid is less hazardous than nitric acid,

untrained people should study carefully some manual on the handling of

sulfuric acid. The book Sulfuric Acid by Fasullo is probably the best

source of information. There are no serious disposal problems with this

acid. In some samples containing large amounts of calcium, considerable

amounts of calcium sulfate would be produced. This could be buried with-

out harm to the surroundings. The principal problem with this acid would

probably be in its corrosion of machinery. Information from petroleum

companies could perhaps answer this question.

One other qualitative observation was made in this work. Clay has

a structure similar to mica and there is a strong tendency in some of the

samples to first separate as sheets of material, quite large in area but

with small cross section. This might lead to a serious problem in develop-

ing a well defined cavity of even approximately the shape desired. When

the clay has disintegrated into these sheets it opens up avenues of lateral

movement. It was also noted that clays which had a relatively large

sand content decomposed very rapidly. This might lead to "pocket formation"

and rather drastic changes in cavity shape. These are qualitative

observations and perhaps there are practical answers to these problems.

Another practical problem is the generation of gaseous materials. In

the presence of carbonaceous compounds the acid will react to generate

carbon dioxide gas. The extent of gas formation would depend upon the

amount of carbonaceous material present in the clay. In some of the

laboratory samples there was very little carbon dioxide produced whereas
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in others a very large amount. The acids will also react (at least to

some extent) with the metal parts of the drilling rig to produce

hydrogen gas. Some information concerning this could probably be

obtained from companies involved in acid treatment of petroleum wells.
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CONCLUSIONS

It is always difficult to extrapolate a restricted laboratory

experiment to a practical engineering situation and this is particularly

true here, because of the many variables which have not been examined.

This was a laboratory experiment to determine the acid consumption of

clays. It has shown there is a wide variation in acid consumption from

one sample to another. There apparently is no real difference in the

equivalents of acid used for a given mass of clay between the strong

acids. The rate of decomposition of the clay is directly related to the

concentration in dilute acid solutions. Cost estimates were made for the

three acids--sulfuric, hydrochloric and nitric. From this study, it

would appear that hydrochloric or sulfuric acid would be the possible

best choices. The sulfuric would be least expensive in terms of the

acid cost only. The sulfuric acid is a more hazardous material for

personnel to handle than hydrochloric acid. The sulfuric acid is a more

corrosive material and might cause serious problems with drilling

apparatus. This factor should probably be investigated thoroughly. The

most reliable source of information would be the companies involved in

acid treatment of oil fields.
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APPENDIX III

A. B, FLY HYDRO-JET TECHNIQUE

Ibis appendix Includes various details of the A. B. Fly hydro-jet

mining procedure as presented in "Subsurface Hydraulic Mining through

Small Diameter Bore Holes," Paper Bl, HydrotransporL 1, Firsr Inter-

national Conference on the Hydraulic Transport of Solids in Pipes,

September, 1970. Also included is correspondence from Mr. A. B. Fly,

Hydro-Jet Services, Inc., Amarillo, Texas.
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IYDROTRANSPORT I PAPER Bl

FIRST INTERNATIONAL CONFERENCE

ON TdE H.YDRA.ULIC.TR.AN.SPORT.

OF SOLIDS IN PIPES

ist - 4th SEPTEMBER 1970

SUBSURFACE HYDRAULIC MINING THROUGH SMALL DIAMETER BORE HOLES

A. B. Fly, B. S.

Hydro-Jet Services, Inc., United States.

Summary

This paper presents the equipment and techniques developed to mine subsurface

mineral deposits through 16 inch bore holes entirely by hydraulic methods. Use of

this equipment for excavating large cavities in oil and water well producing zones
is discussed. Results of surface experiments using high pressure jet streams of

water to determine the cutting rates of materials are outlined. Various basic
shapes of subsurface excavations that can be mined with the equipment are illus-
trated and discussed. An exampie of the cost of mining by this method is presentec i
Consolidated sandstones, weathered limestones and laminated shales have been mined
by the Pie-.hod presented. Mining operations have been conducted to depths of 350

feet. Mining rates of one cubic yard per minute have been achieved under field
conditions. A volume of 450 cubic yards of material was removed from one bore hole.

Cavities have been excavated to a lateral distanct of 30 feet from the bore hole.
Problems encountered in the field operations led Lo the development of a new explo-
sion type slurry puwping system and related slurry handling equipment. Slurry

concentrations of 60 percent solids by weight have been successfully pumped using
the explosion type pumping system.

Held at the Universit-" of Warwick.

Conference sponsored and organised by the British Hydromechanics Res(.arcb Assn.,
Cranfield, Bedford, England.
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Subsurface hydraulic mining through small diameter bore holes was developed
primarily to increase the fluid production from irrigation wells, to mine subsur-
face mineral deposits, and to perform miscellaneous subsurface excavation opera--
tions. Increasing the fluid production from oil and water wells has been the only
field application of the process to date. Mining of a uranium bearing Morrison
sandstone formation is planned by the company in 1971 in the Henry Mountain Mining
District in Garfield County, Utah. Miscellaneous subsurface excavation operations
that have been considered include LPG storage caverns, atomic waste disposal cav-
erns, and underground storage rooms.

Bore hole mining combines the principles of hydraulic mining, slurry mucking
and rotary drilling. The bore hole is drilled with conventional equipment and is
cased down to the top of the mining zone. The overall system is illustrated in
Figure I which shows the equipment being used to excavate an underground storage
cavern. The mining tool is corprised of the Kelly-swivel assembly, multiple drill
pipe sections, and the jet pump barrel assembly as shown in Figure 2. The kelly
swivel is fitted with a bail to support the mining tool. The kelly drive bushing
engages the rotary table to allow the rotation of the mining tool while it is
being operated. The jet pump barrel assembly is comprised of the sidewall jet
nozzles, the jet ptmp assembly, the suction screen, and the trn-cone rock bit.

Following the fluid flow from the settling pits, the clean fluid is pumped at
high pressure through the kelly hose to the high pressure swivel on the mining
tool. The high pressure pipe conducts the fluid down to the sidewall jet nozzles,
the jet pump nozzle, and the tri-cone rock bit. The sidwall jet streams cut the
formation and wash the cuttings dow.:a to the rock bit. High pressure fluid issues
from the water courses to clean the bit and to agitate the cuttings. Rotacion of
the mining tool causes the rock bit to grind any oversize material sufficiently to
pass throigh the suction screen. High pressure fluid issues from the jet pump
nozzle to provide the lift to pump the slurry to the surface. The slurry is dis-
charged into the settling pits where the cuttings are deposited and the clean fluid
returned to the suction of the high pressure pump.

Mining preparations would first involve determining the desired mining rate,
the required flow through side wall jets to accomplish that rate and the required
flvw . hrough the pump jet nozzle to lift all fluids and cuttings to the surface.
Mining rates up to one cubic yard per minute have been achieved mining Tertiary
sandstones, weathered Cretaceous limestones and laminated Triassic shales. Flow
rates through the sidewall jet nozzles to accomplish these mining rates have aver-
aged 400 GPM at 800 PSI. Flow rates through the water courses of the rock bits
have averaged 100 GPM at 800 PSI. The required flow rate through the pump jet
nozzle increases with the mining depth and must be properly sized to lift all fluid
and cuttings to the surface as fast as they accumulate in the bore hole. The fluid
level in the bore hole must be wairtained below the sidewall jet streams at all
times to achieve nexlmum vininp rates. At n mining depthf 200 fe--a-, app-oxi-
mately 500 GPM at 800 PSI would be requi,ed thruugh the pump jet nozzle to lift
one cubic yard of cuttings and 500 gallons of mainin fluid per minute. The mech-
4tnical efficiency of the jet pumps that have been used have averaged about 35 per-
cent which results in large hydraulic hc•e'power requirements. An air lift pump
has been used in conjunction with the Jet pump to xeduce the hydraulic horsepower
requirements on the deeper mining operations. CopT:essed air was supplied to the
air lift pump head through a third pipe passing down through the center of the
pvessure pipe. Calculations have &hown that the combination of the Jet pump sup--
plying the submcrgence head to the air lift pump would be feasible for mining
operýtions to depths of 1500 feet. Pressurimation of the bore hole with compressed
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air to reduce the lift horsepower requirements have been accomplished using a
r)j-Ating packer to seal the annulus between the kelly and the well casing. Based
on calculations, the combination of the three lifting systems would be feasible

for mining small cavities to depths of 7500 feet.

Mining rate estimates can be made from small scale jetting tests and detailed
mechanical properties tests on cores of the formation. Where large representative
samples of the formation are available from outcrops or conventional mining opera-
tions, full scale jetting tests should be conducted. A large jetting test stand
has been constructed to handle two-foot cube sanples of the formation and test
the cutting rates to thirty foot radial distances. Jetting tests have been con-
ducted on samples prepared from a 5:1 portland cement-sand mixture cured for seven
days. Cutting rates of six cubic yards per hour were achieved on these samples at
a radial distance of 15 feet. Cutting rate tests were also conducted on Selma
chalk samples. Due to low permeability and closed cell structure of the Selma
chalk, several changes in mining techniques had to be implemented to achieve eco- 3
nomical mining rates. These changes included raising the sidewall jet stream
velocity from 325 feet to 400 feet per second and cutting the chalk into six inch

slabs which would then be ground to minus one inch particles by the rock bit.
Mining rates were estimated at one half cubic yard per minute using these tecbni-
ques. Mining rate tests have not been conducted using suspended abrasive particles

in the jet streams due to the maintenance problems involved when using conventional
high pressure pumps. However, the recent development of the Hydro-Torq explosion
type pump will allow the recirculation of abrasive particles without incurring any
high maintenance problems. The mining tool has been redesigned to permit the sep-
aration of the abrasive particles from the main fluid stream and to direct the
flow of the particles into the center of the sidewall jet streams. Mining rate

tests are planned to evaluate this technique. Where sufficient abrasive particles
of the proper size are not available in the cuttings, steel shot up to 1/4 inch
diameter can be substituted. The steel shot could be recovered from the return
cuttings for recirculation. Mining rates of hard, brittle formations should be

substantially increased by this technique.

Various basic shapes of subsurface excavations that can be mined by this sys-
tem are illustrated by figure 3. The circular disc cut with a flat roof and cone
shaped bottom would be used where the roof strength was adequate to prevent caving.
The multiple narrow trench cuts have been used to increase the production rates

of oil and water wells. The cylindrical tank cut with a dome shaped roof and
conical bottom would be used for underground storage vessels. The wide trench
cut would be used in mining a vein of ore. Combinations of these basic cuts can

be employed with a high degree of accuracy. Vertical orientation of the sidewall
jet streams can be controlled within approximately two inches. Azimuth orienta-
tion can be controlled within approximately one degree.

Bore hole mining of caverns and lateral trenches into the sidewalls of irriga-
tion wells and one oil well has been the only field application of the process to
date. Production from oil and water wells can be substantially increased by
excavating multiple narrow trenches back into the production zone as illustrated

in Fig. 3. Productinn lncreasps on irrigation wells have closely followed Darcy'g
Law for perched water conditions as follows:

Q = Gal. Per Day
7 2P d2) P = Permeability

Q =D = Saturated Thickness
log e (!) d = D - drawdown

R = Radius of Influence

r = Radius of Well
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It can be seen from this formula that a fifty fold in;'rease in the effective radius
of the well will greatly increase the flow rate. Increases as high as 550 percent
have been accomplished on small irrigation wells producing from a tight Tertiary
sandstone formation. The bore holes were generally underreamed out to 4 to 10.

feet in diameter prior to starting the trenching operations. Four lateral trenches
approximately one foot wide, twelve feet high and thirty feet in length were exca-
vated in the lowest producing zone of most of these wells. Pejietration distances
were calculated from the volume of cuttings removed from the bore hole. Excavation
rates as high as one cubic yard per minute were achieved during these operations
excavating Tertiary sandstones, Cretaceous limestones and Triassic shales. A total
of four hundred fifty cubic yards of cuttings were removed from one irrigation well
during these trenching operations. Only one shallow oil well has been underreamed
using this equipment. This well was producing from the Paluxy sandstone in Edwards
County, Texas at a depth of 332 to 342 feet. Average production from wells in this
area is approximately one barrel per day of 16.7 gravity oil. Six trenches one
foot wide, ten feet high and fifteen feet laterally were cut into the pay zone
removing a total of sixty eight cubic yards of cuttings. Initially the production
was increased to eight barrels per day but was subsequently reduced to three barrels
per day due to the formation of a fresh water-oil emulsion in the faces of the
trenches.

Some of the problems encountered during field operations were: excessive
maintenance costs on the high pressure uumps; unloading the compacted cuttings out
of the steel settling tanks; pumping 0he water level down in the larger cavities;
accumulation of large cobbles in the sump when mining conglomerate formations and
excessively high cutting rates in the softer formations. Both duplex piston and
multistage centrifugal pumps have been used to power the mining tool. Excessively
high maintenance costs were encountered with both types of pumps due to the recir-
culation of abrasive silts and fine sands. Standard oil field steel mud pits were
used and did not afford sufficient settling area at these high circulation and
mining rates. Many innovations were attempted to reduce the maintenance costs with
very limited success. This problem finally forced the development of the Hydro-
Torq explosion type pump whicb will be discussed below. Jetting the cuttings out
of the steel mud pits was a major problem due to the extremely compact settling
of the cuttings. This problem was finally solved by fluidizing the settled cutting
along the floor of the steel pits. Fluidization was accomplished by pumping at
high rates through multiple valves along the floor causing the compacted cuttings
to sluuip and flow to the suction of the pit jets. Pumping the water level down in
the larger cavities following a shut down required considerable time. The largest
cavity excavated held approximately 90,000 gallons and the formation produced

Sapproximately 150 gallons per minute additional water. In most mining operations
of water saturated ores, fluid production would not be a major problem due to the
lower permeabilities generally encountered. Accumulation of large cobbles in the

j sump when mining conglomerate formations required that sufficient storage volume
be provided by underreaming of the sump hole to a larger diameter. Excessively
high cutting rates in the softer formations resulted in sanding down the jet pump
during the initial onpratons and was solved by developing an electrically oper-
ated down hole valve to turn the sidewall jet streims off when slurry concentra-
tions were excessive. This valving system was also needed during trenching opera-
tions to enable the driller to turn the sidewall jet streams off during the mucking
operations, and on again after re-indexing on the trenches being excavated.

The Hydro-Torq explosion type pumps were developed to provide a high pressure
pumping system with a minimum of moving parts that contacted the abrasive laden

fluids. This was accomplished by combining the engine and pump into one machine.
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Thc basic operational cycle of the systea is illustrated in Fig. 4. Fluid enters

through the suction valve filling the pump cylinder to the desired level while the
exhaust valve is being held In the open position. After the exhaust valve is /3
closed, the fuel-air mixture Is injected into the cylinder at the desired pressure.
When the intake valve closes, the spark plug ignites the fuel-air mixture and the
resulting explosion drives the fluid out through the discharge valve at high ptes- " j
sure. Opening of the exhaust valve releases the residual exhaust gas pressure
from the cylinder through an air com•pression system which is not illustrated.
Hydro-Torq slurry pump units are couprised of six of these cylinders, each of which
is a combination internal combustion engine and reciprocating pump. All six cylin- .
ders are coordinated to fire at equal intervals by the electrical and hydraulic

systems which opens and closes the engine valves in proper sequence. Any individ-
ual cylinder can be shut down for complete repairs while continuing to pump with
the remaining five cylinders firing at a slightly faster rate. Rate of firing and
power per cycle can both be varied to control total displacement and discharge
pressure. Liquid fuel injection or vapor fuel metering systems can be provided
for the particular fuel to be burned. Methane, propane, butane, and gasoline have
been used during the previous slurry pumping tests with negligible combustion pro--
ducts contamination of the slurries. Additional fuels that will be tested in these
pumps include diesel, fuel oils, diesel-coal dust slurries, and superheated water-
coal dust slurries. Overall thermal efficiency testing using various fuels and
varying slurry pumping parameters are planned in depth for the near future. Float-
ing pistons can be provided in the cylinders for maximum fuel efficiency and slu ry
displacement as needed. Slurry concentrations up to 60 percent by weight (minus
4 mesh) have been pumped with negligible wear and no appreaciable degradation of
the slurry. Extremely abrasive, fast settling slurries have also been pumped
successfully. Changes in the basic fluid-valve design have been made and partially
tested that should permit the pumping of slurries containing particles as large
as one inch in diameter. Utilization of this pumping system is planned for power-
ing the mining tool while circulating abrasive particles through the sidewall jet
streams. Utilization is also planned for long distance solids pipelining of mineral
ore slurries from either subsurface hydraulic mining or conventional mining opera-
tions which offers substantial snvings in transportation costs. Slurry mucking
and slurry hoisting operations are other areas of possible utilization in conjunc-
tion with both underground mining and tunnel drilling operations to alleviate space
and equipment capacity limitations.

Mining operations would be initiated by excavating the cone shaped sump in the
underlying formation to facilitate the return of the cuttings and fluids to the
jet eductor suction. Excavation of a dome shaped cavity above the mineralized
zone may be necessary to prevent caving of the overburden and dilution of the ore

in some formations. Following these preparatory cuts, hydraulic mining of the
mineralized zone would be initiated making progressive cylindrical cuts until the
desired radial mining distance had been achieved. Bore hole spacing could be
maintained to leave pillars between adjacent bore holes to support the overburden
si--ilar to room, .-. pillar-f1ining. The pillars couId be mined out using arlitinnAl

bore holes drilled through the center of each pillar. Longwall mining methods
can be approximated using a progression of square cut mining patterns allowing the.
overburden to cave behind the mined out area.

Mining of subsurface mineral deposits will require detailed exploration work
to define the ore body, an evaluation of the bore hole drilling costs and estimates
of the optimum mining rates and costs. Definition of the ore body should include
the value per ton, thickness, areal extent, dip, strength of the overburden, per-
meability, porosity, hardness index, compressive strength, fluid production estimates
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if saturated, and the character of the underlying strata. Lenticular deposits
that are more than six feet thick would be the most amenable to this system of
ininin. Approximately 220 tons of formation can be mined for each foot of thick-

ness using a sixty foot diameter circular mining pattern. Bore hole drilling cost
estimates should include drilling the bore hole to depth of twenty feet below the
mineralized zone, setting casing down to the top of the mineralized zone and
PUl.l.i..6 .... ca ..... t... minirCg operations are completde.

An example of the operating costs of mining ore by this method can be made by
assuming an ore deposit 10 feet thick at a depth of 200 feet. Operating costs
will be projected for the mining operations on a single bore hole. A 19 inch bore
hole would be drilled to a depth of 230 feet. Sixteen inch casing would be sus-
pended in the bore hole to a depth of 200 feet. The mining tool would be used to
excavate the cone shaped sump and to mine the ore deposit frem a circular area 60
feet in diameter. The mining rig would then be moved 60 feet to the next location.
After the mining operations were completed, the casing would be pulled from the
bore hole for reuse. Approximately 28,270 cubic feet of ore weighing 2200 tons
could be mined from each bore hole. Assuming an average mining rate of one half
ton per minute, approximately 75 hours would be required. Power requirements
circulating 1,000 GPM at 800 PSI would be 465 hydraulic horsepower. Other require-
tments common to several bore holes in an area will be prorated in these estimates.

ESTIMATED OPERATING COSTS FOR MINING 2,200 TONS

Drill 19 inch bore hole to 230' @ $7.50/ft. $ 1,725.00
Install & Recover 200' of 16" casing @ $2.50/ft. 500.00
Labor & Supervision for mining - 105 hrs. @ $15.00/hr. 1,575.00
Power Requirements - 465 UHP X 100 hrs. X $0.03/HHP/hr. 1,395.00
Depreciation, Maintenance, Taxes and Insurance 850.00
Roads, Water, Pits, Transportation & Miscellaneous 475.00

Total Operating Costs $ 6,520.00
Estimated Cost Per Ton $ 2.95

These estimates are presented only to outline the general parameters affecting
the overall cost of mining by this method. Bore hole expenses in this example
represent approximately 35 percent of the total costs. Mining rates and the
recoverable tonnage from each bore hole are the next most important parameters.
The mining rate assumed in this example is approximately one third of the rates
that have been achieved in the field. An increase of only 10 feet in the diameter
of the circular mining pattern would increase the recoverable tonnage by 35 percent.

Bore hole mining offers several important advantages over conventional mining
under favorable geological conditions. Immediate production of the highest grade
ore would substantially reduce the initial capital requirements. High rates of
production could be achieved with a minimum of labor and equipment. Small iso-
lated ore bodies could be mined without a material increase in mining costs. Many
uniderground hazards aie eliminated, allowing the development of unstable, gaseous,
or water saturated deposits. Crushing and grinding costs are substantially lowered
with some formations being reduced almost to grain size by the jet streams. Slurries
from the bore hole mining operations would be an ideal feed for on-site hydrometal-
lurgical milling operations. Tailings from the milling operations could be pumped
back into the mined out caverns to control subsidence and reduce the waste disposal
problems. Overall mining and milling costs could be very competitive with conven-
tional methods under favorable conditions allowing the development of some presently
sub-economic mineral deposits.
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CONCLUSIONS

Evaluation of the mining methods available for the recovery of an ore deposiL

from shallow depths should include subsurface hydraulic mining through small.
diameter bore holes. Evaluation of the ore transportation and hoisting methods

will be found to be the most economical methods for many operations.
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S~HYDRO-JET

SERVICES, INC.

BOX o08 AMARILLO. TEXAS DR4-3594 I
79105

February 15, 1971

Col. Joe R. White
Spencer J. Buchanan & Associates, Inc.
Consulting Engineers
P. 0. Box 672
Bryan, Texas 77800

Dear Col. White:

We have designed a new Raise Boring system which we feel could reduce
raise boring costs by as much as 30 percent. The primary advantages of the
Hydro-Jet Raise Boring System would be as follows: all equipment would be
rail mounted and could be moved readily through minimum size drifts; the
boring equipment could be set up and operated by a two man crew in a minimum
size rock cut out; blind raises up to 84 inches in diameter could be bored
from beneath the ore body at any desired angle up to 30 degrees off vertical;
all muck would be dewatered and loaded directly into a series of standard
ore cars; the ore cars and all equipment on trackage could be readily dis-
connected and moved to allow passage through a drift; the electrical power,
compressed air and water requirements could be adjusted to prevent overload-
ing of the normal mine supplies; the equipment could also be used to drive
blind headings to connect ore passes to service entrances, where the terminal
ends of the two blind raises were located within 40 feet of one another; and
the equipment could also be used to actually mine small isolated ore bodies.

Most of the engineering principles involved have already been field
tested in the development of our system for "Subsurface Hydraulic Mining
thru Small Diameter Bore Holes" which Is described in the enclcosed litera-
ture. The Hydro-Jet Raise Boring System is basically a .mod..ifcation of the
bore hole mining equipment to facilitate working underground in a vertical
position. All of the technology already developed in the areas of nozzle
design, rock breakage, primary reduction of muck size, slurry blending,
slurry handling, slurry dewatering, fluid reclamation, high pressure pump-
ing, and drill string orientation are directly applicable to raise boring
problems.

A simplified schematic diagram of the raise boring system is also en-
closed which illustrates the equipment layout for boring 52 inch diameter
ra~ses. The raise boring system would be sufficiently autor•ated to automat-
ically control all fluid levels, muck levels, fluid pressures and flow rates
throughout the entire system. Boring of 52 inch diameter raises in soft to
medium hard permeable sandstone formations should proceed at a minimum ave-
rage rate of 6 feet per hour. The maximum permissible cutting rate would be
approximately 40 feet per hour using 500 horsepower input to the cutting
head. The estimated moving time to rigdown, move forward to the next cut
out and rig up to bore the next raise would be approximately 8 hours.
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Col. Joe R. White February 15, 1971

Raise boring operations would be initiated by air drilling an 8-5/8
inch pilot hole to the maximum raise height desired. The cutterhead assembly
and the roller cutter underreamer would then be installed to ream the pilot
hole to the desired raise diameter. Rock would be broken from the raise
wails by impingement with high velocity steel shot and two jet streams of
water. Cuttings and shot would be washed down to the underreamer, crushed
to - 3/4 inch against the wall of the pilot hole and then, gravity flow down-
ward to the slurry handling system. The steel shot would be removed from the
slurry line thru a hydraulic classifier which is not shown on the raise boring
system diagram. The shot would be washed, screened, and recirculated thru
the steel shot nozzle in the cutterhead assembly at rates up to 100 shot per
second and velocities up to 1,200 feat per second. Thickened slurry from the
6 desander units would be loaded directly into 12 ore cars. Surplus water
from the ore cars and the desander units would be pumped thru the desilting
cones into the head tank car for de-aeration and recirculation. Slimes from
the desilting cones would be entrained with the coarse muck in the ore cars to
eliminate discharging any waste fluids into the mine drainage system.

Also enclosed is a simplified schematic diagram of the Hydro-Jet Drifting
System which illustrates the equipment layout for driving a 7 X 9 foot drift
using the same basic equipment. The rock would be broken from the drift face
by impingement of high velocity 3/8 inch steel shot and a jet stream of water
which would be directed and controlled by the equipment operator. Rock cut-
tings and steel shot would be washed down to the 48 inch roller bit which
crushes the cuttings to -3/4 inch against the drift floor. The blended slurry
would 6e jet pumped back past the track laying area to the slurry handling
system. The steel shot and the slurry would both be processed in the same
manner as described above for the raise boring operations. The maximum per-
missible drifting rate would be approximately 8 feet per hour of 7 X 9 foot
drift in soft to medium sandstones.

Another application of bore hole mining technology to conventional under-
ground mining problems would be the sinking of exceptionally large diameter
shafts. The desired diameter of the shaft could be controlled within - 0.0
to + 1".00 inches using the cutting range control system which turns off the
jet streams individually to prevent cutting the shaft to oversize. Sinking
of large diameter shafts in extremely unstable ground could also be accom-
plished.

These systems could be made available on either a day work basis, a
footage contract basis, or on a lease basis with all normal equipment main-
tenance furnished. We would need sufficient day work, footage contracts,
or long term lease contracts to justify tooling up the remainder of these
systems.

Detailed information that would be needed to evaluate your requirements
is as follows: mines to be worked; shafts to be worked; drifts to be worked;
number of raises in each drift; spacing of raises along each drift; accurate
logs of all drill holes and long holes in the immediate vicinity; availability
of trackage, ore cars, electrical power, compressed air, and water at each
mine; an appraisal of any tramming and hoisting limitations; and a detailed
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Col. Joe R. White -3- February 15, 1971

time schedule of all work to be done. Any information which you iorwaýd to
us will be handled in the strictest confidence and used only to evaluate I
your requirements. Our completed evaluation and recommendations for your
program would be forwarded to you and then followed up with a personal visit
to your mines.

We are planning to conduct additional mining rate tests on large sam-
ples of welded volcanic tuff, dolomite, Selma chalk, and hard bauxite in the
near future at our yard in Amarillo. We would like to extend our invitation
for you or your representative to attend these tests. The steel shot frac-
turing system will also be employed and the bore hole mining equipment could
be observed at that time.

Sincerely,

HYDRO-JET SERVICES INC.

A. 8. Fly
President

ABF:e

Encl.
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APPENDIX IV A

DOWELL HYDRAULIC UNDERREAMER

This appendix includes dete'Is of the Dowell hydraulic underreaming

process as presented in a report from Mr. W. M. Zingg of Dowell Division

of The Dow Chemical Company, Tulsa, Oklahoma.

1

II
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FORMING UNDERGROUND CAVITIES IN 7",UIENTED SOILS
BY HYDRAULIC UNDERREAMING

introduction

Underground storage cavities are principally constructed at present by manual
methods. Considerable! i±neiest ha been expressed in recent years in creating
cavities by working through a small bore hole. Here the meLhods are a choice
either of mechanical underreamers or of high pressure jetting.

A. B. Fly in his patente teaches a jetting system which has been tested under
actual conditiont In addition there are many other schemes which have been dis--
closed, Most of the latter represent ideas but have given little recognition to
the practical solution of problems existing in such a process. These include
features such as optimum pressures, velocity, overburden pressures, metallurgy
and actuai working designs.

General Plan

The system (Figure 1)1 consists of a rotary drilling rig, a dual string of tubing
inside casing, and surface equipment to provide pumping of fluid, In its applica-
tJon, 10-3/4-inch surface pipe would be set to the top of the cavity. The drilling
string would be lowered into the surface pipe and jetting started at the top of the
desired cavity. The drill bit would run ahead to stabilize the drilling string as
well as to grind up large formation lumps to a particle size permitting them to be
removed by reverse circulation. All formation material removed would be forced to
flcw through the bit.

Surface Equipment

While a triplex pump might be used, it is more desirable to consider using a high
performance centrifugal pump from the standpoint of obtaining steady state condi-
tions of the drill string, The type we propose would deliver 1000 gpm at 1000 psi.
This would result in a velocity of apProximacely 40 ft/bec in 3 1/2 inch txo-Ug. Thus,
at shallow depths we do not see the need for an air lift system. However, at greater
depths and if larger diameters were desired, probably an air system to keep the water
scavonged to the bottom of the hole would be required in order that the jetting
streams not be submerged to destroy their impact energy.

The rotary rig and drilling head assembly would largely be adapted from standard
8wivels, rotary drilling heads, etc.

A sultable mud tank is going re be a necessity in order to separate the cuttings
n!nd ,•tcr.

1This iigure number refers to Figure 21.
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Bore Hole Design (Figure 2)1

Research has yielded a jet design (Patent 3,348,616) aasembly which permits
uiii .....u,, approach factors along with a nzle Lu rU 1i that cnrls

flaring and orifice inversion at distances up to 20 feet It also permits, within
limits, placing the nozzle closer to the working surface, We would suggest the
downhole tool design be patterned somewhat along these principles. However to make
thts poss•ble it is almost mandatory thaý the surface pipe be 10-3/4, ' even'Larger
(13-3/8) would be better but we think there is a good chance the design can be
accomplished to run through 10-3/4 pipe.

The stinget below the jetting tool may be slotted to permit direct return oi
clean fluid. However, the size and number of slots must be carefully calculated
to retain sufficient velocity through the bit passages.

Little control is visualized in the shape of the cavity. Much will depend upon
the homogeneity of the soil structure. At a steady rate of traverse, certainly
the diameter will not be uniform Back-tracking might be necessary to remove the
harder stiatas. Dowell Sonar Caliper survey can be used to verify the size and
shape of the cavity at any time during the operation when the drill string is out
of the hole

Time Required

Circulating fluids can easily transport one pound of sediment per gallon. For
estimating purposes and if we assume the formation is going to disintegrate at
this rate, then 1000 lbs of material is going to be removed in one minute, or
approximately 2.3 minutes per cubic yard. A 12 ft x 48 ft chamber contains 200
cu yds. The actual pumping time to remove this volume of material is 8 hours

Whether this rate can actually be achieved is perhaps another matter and would be
subject to confirmation by actual operations. However this gives us some idea as
to the time required. Actually, this pumping time would be interrupted by pulling
the drill pipe, maintenance operations, surveys, etc so that the overall time in-
volved might more realistically cover two to three days of work.

1This figure number refers to Figure 22.
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TABLE X
ESTIM&TED COST

HYDRAULIC UNDERREAMING WMZ
One- 12 ft x 48 ft Cavity 1/11/71

I. DIilling Contractor Cost Items

Coat of rig, mud tank, water supply and disposal - not included

1I WelB 1quipment

7-inch casing swivel $ 400.00
7-inch casing rotatiog head

$30.00/day w1lO day minimum 300 00
7-inch stripper rubber 250.00
3-'1/2-i-ach tubing swivel 1200 00

* $2150.00

2. Casing and Tubing

90 ft - 7 inch x 17 lb H-4A0 casing 190.00
30 ft - 10-3/4 inch x 32.75 lb 11-40 casing 185,00
90 ft - 3-1/2 inch J55 tubing 120,00

495.00

II, Dowel• Cost Items

1I Mobilization

Mileage 400,00
Conditioning centrifugal pump 1000.00
Construction of jetting tool 650M00
Construction of stinger 500.00
Moditication of contractors' mud tank 400.00

2950.00

2. Service (3 days)

I'erbonnel (3 operators) 915.00
Allison powered :000 HP centrifugal pump 1440.00
Transportation 350,00
Per Diem 180 00
Con.... .n .fee including per diem 600 00

3485.00

Tntal $9080 00
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ROTARY TABLE
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T Figure 2.1
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FIGURE 22. SCHEMATIC OF DOWELL HYDRAULIC
UNDERREAMER

'This figure number refers to Appgedix IV text.
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3,348,616
IaLL LL a a alt, Pata t.ic

Oct. 24,1967

3,348,616
JETTING DEVICE

Warren M. Zingg, Tulsa, Oklahoma, assignor to The Dow Chemical Company,
Midland, Michigan, a corporation of Delaware

Filed June 11, 1965, Ser. No. 463,289
6 Claims. (Cl. 166--223)

This invention relates to jetting tools of the type used in oil or
gas wells, and particularly to a jetting tool which is adapted for use
in so-called open 1'ole jetting service. -

Jetting tools for use in down-hole well treating or servicing use
are well known in the art. An example of such a device is shown and
claimed in U. S. Patent No. 3,066,735 issued December 4, 1962, to Warren
M. Zingg.

FMst of the prior art jetting tools have been made for use in cased
wells or for use where the surface against which the abrasive or other
jet stream is directed is a short distance, e.g., less than 6 inches,

from the body of the tool. Because the tool is usually used where the
bore hole is liquid filled at the point of use, it can be appreciated
that the distance between the jet nozzles and the surface to be worked on
should be as small as practicable if really effective use of the jets is
to be achieved.

However, since the jetting tool must be lowered through well casing,
it can be appreciated that the overall diameter of the tool must be small
(7" 0. D. casing is commonly used).

Accordingly, a principal object of this invention is to provide an
improved jetting tool for use in well treating service.

Another object of this invention is to provide an improved jetting
tool which is adapted to be lowered into a well bore through well casing
but is adapted for use against a surface which is substantially further
distance from the tool than is the wall of the casing.

A further object of this invenLioj is to provide an improved Jetting

tool which is adapted to be used to jet surfaces of a large diameter
cavity in a bore hole but may be raised from and lowered to the bore hole
cavity through a small diameter casing.
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In accordance with this invention, there is provided a well jetting
tool comprising an elongated rigid body member having tubular means
extending along and mechanically coupled thereto. Jetting assemblies,
adapted to swivel during use, are coupled to the tubular means at spaced
apart intervals along the body member. The jetting assemblies include
a swivel head and elongated jet tubes having jet nozzles at their outer
extremities. Means are provided for controlling the degree of swiveling
of the jetting assemblies.

The invention, as well as additional objects and advantages thereof,
will best be understood when the following detailed description is read
in connection with the accompanying drawing, in which:

FIG. 11 is a side elevational view, in section, of jetting apparatus
in accordance with this invention;

FIG. 2 is a side elevational view taken 90 degrees from the view
of FIG. i;

FIG. 3 is a sectional view of a swivel element us-d in a jet
assembly of FIG. 11; and

41 1
FIG. is a sectional view taken along the line 4--4 of FIG. 3

Referring to the drawings, there is shown a jetting tool, indicated
generally by the numeral 10, comprising an elongated body member 12 of
solid bar stock having coupling elements 14, 16 at each end.

A fluid flow line, indicated generally by the numeral 18, extends
from near the coupling element 14 towards the lower end coupling element
16 of the body member 12. The flow line 18 is "threaded" back and forth
through the bar-like body member in a plurality of loops. The flow line
18 is welded or otherwise mechanically coupled to the body member 12 each
time it passes through the body member, as at 20, 22, 24, 26, for example.

A plurality of jet head assemblies, indicated generally by the
numeral 28, are coupled, by means of tubes 30, 32, 34, 36 to the flow
line 18. Each of the tubes 30, 32, 34, 36 fixedly secured, as by welds,
for example, to the body member 18.

1 1 1 1Referring now to FIGS. 3 and 4 , as well as to FIGS. 1 and 2 , it
may be seen that the swivel member 38 of the jet head assembly 28 in-
cludes a bolt-like element 40 having a head 42, and a cylindrical part
44 having threads 46 at its end which has reduced diameter. A bore
48 extends longitudinally from the end 50 of the element towards the
head 42. A cross-bore 52 extends through the cylindrical part 44 of the
member 38.

IThese figure numbers refer to U. S. Patent No. 3,348,616 drawings,
Appendix IV.
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A pair of grooves 54, 56 extend around the periphery of the cylindri-
cal part 44, one groove being on each side of the bore _52. An "0" ring
seal 58, 60 is disposed in each groove 54, 56, respectively.

A cylindrical element 62 whose thickness is less than its diameter

and whose diameter is substanti-ally larger than the diameter of thu

cylindrical part 44, has an axially extending bore 64 completely through
it. A transverse bore 66, having threads 68 at its outer end, extends
from the periphery of the element 62 to the bore 64. The bore 66 is of
smaller diameter than the distance between the grooves 54, 56.

Mhen the element 62 is assembled over the cylindrical part 44 of
the element 38, the 0-ring seals 58, 60 bear against the wall of the bore
64 and prevent leakage of fluid along the bore 64. Communication for
fluid flow is provided through the bores 48, 52, and 66.

As may be seen more clearly in FIGS. 1 and 2 1, an "elbow" type flow
element 70 is coupled to the threaded end 68 of the bore 66, with
another elbow type coupling element 72 being coupled to the output of
the element 70. A flexible hose 74 having a jetting nozzle 76 coupled
to one end, has its other end coupled to the output of the element 72.

The hose 74, nozzle 76, elements 70 and 72, and the element 62
are so aligned that flow through them tends to cause movement of the
mentioned elements along a single plane.

Stop means, in the form of a protuberance 78 extending from the
body member 12 in the path of movement of the element 70, is provided to
prevent excessive rotation of the jetting assembly 38 as material is
flowed therethrough.

In operation, the jetting tool 10 is coupled by means of coupling
14 to a string of tubing (not shown) and is lowered down c bore hole
through casing until the tool 10 is beyond the casing and is adjacent to

an enlarged part of the bore hole, such as where the bore hole had
previously been shot with nitro glycerin, for example. If desired,
additional tubing (not shown) may be coupled, as at 16, below the tool 10.

The string of tubing (not shown) which is attached to coupling 14
communicates with flow line 18 by a passageway through coupling element
19 which joins coupling 14 and flow line 18. A suitable pumping means
(not shown) is attached at the upper end of the string of tubing for
forcing fluids and/or fluids plus abrasive material down the flow line
18 as is well known in the art.

When the tool. is iii position, fluid is forced through the flow
line 18 and through the jetting assemblies 38, causing the assemblies
to rotate until stopped by the pins or protuberances 78. The pins 78
stop the assemblies 38 when the nozzles 76 are directed horizontally or
nearly perpendicularly with respect to the longitudinal axis of the body
member 12.

IThese figure numbers refer to U. S. Patent No. 3,348,616 drawings,
Appendix IV.
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Actually, as illustrated, the piris 78 cause the nozzles 76 to be
directed at an angle about 30 degrees less than perpendicular with respect
to the body member 12.

Thus, as the jetting assemblies rotate, the nozzles are advanced
towards the wall of tihe bore hole and the distance of the nozzles from
the body member 12 may be greatly in excess of the radius of the casing.

When the jetting treatment is completed, the jetting assemblies
are free to return to their "at rest" position parallel to the body
member 12, thus permitting the jetting tool 10 to be withdrawn from the
bore hole through the casing.

The swiveled jetting assembly is threadedly coupled to the flow
line 18 through the tube 30, 32, 34, for example.

Flexible tubing 74 of different lengths may be used, the required -
length usually being determined after interpretation of a profile survey
of the part of the bore hole to be jetted.

In practice, jet nozzles 76 having a 1/8 inch orifice are commonly
used. Because such orifices are easily plugged, it is often wise to

mount a filter screen just above the tool 10 to prevent plugging of the
jet nozzles by scale from the tubing or similar particulated materials.

The swivel arrangement of the jetting assemblies causes the jetting
i assemblies to fold downwardly towards the body member 12 as the tool is

raised into the casing in event the weight of the jet assembly does not
cause this movement of its own accord.

Thus, this invention provides a simple, convenient to use means for
jet cleaning and perforating of the walls of well bores where the wall
surface is beyond the effective distance of ordinary jetting tools.

1. A jetting tool assembly comprising an elongated body member
having coupling means at least at one end thereof, a flow line extending
along said body member and mechanically coupled thereto at intervals

S~along its length, said flow line having a coupling element adjacent to
S~an end of said body member, a plurality of swiveled jetting assemblies,
S~said jetting assemblies being mechanically coupled to said body member
i• and fluid flow coupled to said flow line at spaced apart intervals along

the length of said body member, said jetting assemblies each comprising
a swivel head having an offset flow member coupled thereto and a jetting

noz~l couled o sad oflfset flow member by a conduit.

2. A Jetting tool assembly in accordance with claim 1, wherein
stop means are provided for preventing excess movement of said swivel
heads.

3. A jetting tool assembly in accordance with claim 1, wherein
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said jetting assemblies are coupled to more than one side of said body
member.

4. A jetting tool assembly in accordance with claim 1, wheraiL
said flow line passes through said body member at spaced apart intervals
along said body member.

5. A jetting tool assembly in accordance with claim 1, wherein
said conduit and nozzle are detachably coupled to Gaid offset flow
member.

6. A jetting tool assembly comprising an elengated body member
having coupling means at least at one end thereof, a flow line extending
along said body member and mechanically coupled thereto at intervals
along its length, said flow line having a coupling element adjacent to
an end of said body member, at least one swiveled jettiig assembly,
said jetting assembly being mechanically coupled to said body member
and fluid flow coupled to said flow line, said jetting assembly com-
prising a swivel head having an offset flow member coupled there to and
a jetting nozzle coupled to said offset flow member by a conduit.
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APPENudiX V

CAVITY CONFIGURATION

The ideal cavity configuration would be one which is economical to

create in any type of material, and structurally stable regardless of the

stress field or the competency of the surrounding strata. It would also

be susceptible to exact design formulas based on mechanical properties as

determined from laboratory tests.

Unfortunately, the study of rock and soil mechanics is not an exact

science and the classification of rock or soil as a structural material

in which underground openings can be constructed is not a simple problem.

An acceptable approach to classifying rock is to consider the combination

of geological and mechanical rock properties that will permit the con-

struction of a specified type of underground structure. For example,

Obert, Duvall and Merrill (Ref. 26) defined competent rock as that rock

which because of its mechanical and geological characteristics is capable

of sustaining underground openings without the aid of any structural

support except pillars and walls left during mining.

Relationships have been developed between stress, strain and defor-

mation for an ideally elastic, isotropic and homogeneous continuous

medium. These relationships can be used to determine the state of stress,

strain or deformation in bodies of different shapes subjected to various

applied loads and sets of boundary conditions. Only those body shapes

that can be expressed by a simple mathematical equation are amenable to

solution. The assumptions regarding the body material may be modified

to include ideally viscous, or ideally viscoelastic materials.
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I
However, in structures made of real materials, the ideal property

requirement is never satisfied since no real rock is strictly linear-

elastic, elastoplastic, purely viscous, or viscoelastic. Some large

bodies of rock may approximate an elastic material to the degree that

engineering requirements are satisfied; however, in-situ rock generally

contains fractuies, joints, faults and inhomogeneities to the degree that

significant deviation from ideal conditions occurs.

The magnitude and direction of the stress in the rock surrounding

an underground opening depends on the stress-field, that is, the state

of stress in the rock before the opening was created. A gravitational

stress-field might be assumed, i.e., a stress-field due to the weight

of the overlying cover. However, to completely specify a gravitatioaal

stress field, it must be assumed that the rock is linear-elastic, iso-

tropic, and homogeneous; that the lateral constraint is complete; and that

there are no stresses of tectonic origin such as those accompanying

folding, shrinkage, or other distortions of the earth crust. The gravi-

tational stress field can be significantly affected by these tectonic

stresses together with the effects of inelasticity, inhomogeneity, and

aiisotxopy.j

Because of the limitations imposed by mathematical complexity, and

because of the error introduced by assuming ideal rock properties and

a known stress-field, theoretical methods in themselves generally will

not provide a satisfactory answer to specific structure problems. To

some degree theoretical results may be supplemented or modified by

experience gained from observation in underground workings. When empirical

methods, i.e., measurement of rock properties and structural stresses

and strains in laboratory models, are used to supplement or modify theory,
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the product is a rational basis for atilyzing rock structure problems.

1. STATE OF STRESS AROUND AN UNDERGROUND CAVITY

The rock at any depth below thp ground ourface at a given site may

be considered to be in an, initial state of equilibrium. The excavation

of an opening will produce changes in the stress system, and in turn

brings about elastic and inelastic displacements and a redistribution

of stresses in the material surrounding the opening as a new condition of

equilibrium is established. The factors that determine the new stress

pattern and the behavior of the rock. surrounding the opening includes:

1. The initial state of stress in the rock mass.

2. Shape of the opening.

3. Size of the opening.

4. Elastic and inelastic properties of the rock.

5. The geologic discontinuities of the mass.

At the present state of knowledge it is not possible to evaluate
quantitatively all these factors. However, the influence of the various

factors on the overall stability of the opening is discussed.

a. INITIAL STATE OF STRESS

The initial state of stress refers to the relationship between

the vertical stresses caused by the weight of the overlying rock at any

given depth and the horizontal stresses acting at the same point. The

ratio of the horizontal stress to the vertical stress will be designated

by the coefficient m. Most invest•fgors of the Problem. f st..ESS

distribution around a hole in an elastic medium have assumed the initial

state of stress to fit one of the following conditions:

(1) A condition of no lateral restraint, or m = o. May occur at
shallow depths, and/or near a vertical free surface.
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(2) A condition of lateral restraint in which m ranges from
about 0.25 to 1, depending upon the value of Poisson's
zatio. May occur over a wide range of depths.

(3) A hydrostatic condition of equal all around pressure 1
where m - 1.0. May occur at great depth or in semi-viscous
or plastic rocks. (Recent work by Terzaghi and Richert
indicate another condition might exist where m > 1)
(Ref: 29).

Both analytical and model studies have shown that the stress distri-

bution around an opening of given shap varies greatly depending on

which of the above initial stress conditions one assumes. Unfortunately,

it is not possible to compute, by means of theory, the value of m for

a given site.

b. CONDITION OF NO LATERAL RESTRAINT: The initial stress condirion

in which m is equal to zero may be approximated at a shallow depth or in

a formation which is traversed by numerous open vertical joints.

c. CONDITION OF LATERAL RESTRAINT: In a perfect homogeneous elastic

material it is possible to compute the value of m,

where p is Poisson's ratio. Normally, Poisson's ratio for most rocks

hna h~on funim tn -ena frrnm 0.2 to^ 0~.5, lead4ng to M ,alu-S of 0.5t

1.0. The equation does not hold for rock masses which are not homogeneous

but contain many dicontinuities.

d. HYDROSTATIC CONDITION; In the hydrostatic state, the stress at

a given point is considered to be equal in all directions, wherein m = 1.

From the equation it is evident that for a material with Poisson's ratio

of 0.5, m I 1. The only common rock for which Poissorn's ratio has been

found to be 0.5 is rock salt. It may be postulated therefore that the

salt in domes and salt beds approximates the hydrostatic condition.
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2. FIELD MEASUREMENT OF INITIAL STATE OF STFESS

It has been pointed out that the value of m, the ratio of the holi-

zontal stress to the vertical stress, greatly influences the stress

pattern which develops around an excavated cavity. Further, the magnitude

of m may vary from 0 to greater than 3. There is no analytical or

geological method by which to evaluate m for a given site, but in recent

years progress has been made in the determination by field measuremeats.

Moye (Ref. 28), Terzaghi and Richert (Ref. 29), Olsen (Ref. 30). These

methode represent the only reasonable approach to determination of the

initial state of stress.

3. SHAPE OF OPENING

The magnitude and distribution of stress around a cavity depends to

great extent on the initial stress and shape of the cavity. For a given

m value there is an optimum shape which produces the most favorable

stress distribution. This relationship may be investigated mathematical-

ly in accordance with the theory of elasticity for a homogeneous elastic

medium.

The stress distribution around various shaped openings has been

determined theoretically for various major-to-minor axis ratios and for

various ratios of applied loads. In theory, the stress distributions

are independent of the size of opening and the elastic constant of the

material. Contrary to theory, however, practical experience in underground

excavation has shown that difficulties in maintaining stable openings

increase directly with the size of the opening. This may be explained

by the discontinuities which occur in all rock masses.

Sandowsky and Sternberg (Ref. 31), Edwards (Ref. 33), and Neuber

(Ref. 34) have developed mathematical solutions of the elasticity problem.
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Tcrzaghi and Richert (Ref. 29) determined theoretically the stress dis-

trlbution about a triaxial ellipsoidal cavity in an infinite medium under

triaxially-applied load. The results indicate the maximuni-stress con-

centration around an elliptical cavity are always less than the maximum-

stress concentrations around tunnels having the same cross-sectional

shape. This has been verified by studies of Langharr and Baresi (Ref. 27)

and Obert and Duvall (Ref. 32) on other cavity configurations. Thus,

for engineering purposes, the maximum-stress concentration for single

isolated openings can be estimated safely by determining the maximum-

stress concentration around any two-dimensional opening where the cross-

sectional shape is the same as the cross-section of the three dimensional

opening.

Figure 25 shows the boundary stress distribution curves for ellipti-

cal holes in a biaxial stress field with various width to height ratios •

and various ratios of applied normal stresses. Figure 26 provides similar I
information for ovaloidal holes; Figure 27 for rectangular holes; and

Figure 28 for a circular hole. Symbols used in the Figures are as follows:

Ii
o - height of cavity

WI
o = width of cavity i

S I

S v -1iI

Sh mv i

S = yh

y = unit weight of overlying rock

h'= vertical distance from ground surface
to opening.
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A positive stress concentration means that the stress at a certain

point has the same sign as the applied stress. A negative stress con- -

centration means that the stress at a point has the opposite sign and

the material is in tension. The maximum positive and the minimum f

negative stress-concentrations are called critical stress concentrations.

The optimum shape of opening is the one that simultaneously gives the

smallest values of the stress concentration factors, and where there is

an absence of tensile stress (no negative value of the stress concen-

tration factor).

4. DESIGN CONCLUSIONS (REF. 32)

Eased on a two-dimensional opening with a height and width, H and

Wo, in an elastic, isotropic, homogeneous rock and subjected to applied

vertical (Sv) and horizontal stresses (Sh = m S ), with O<m<l, it followsh v

that:

a. For a uniaxial stress field (Sh = 0) or a biaxial stress field

(Sh = m SV).

(1) The stress distribution on the boundary is dependent upon I
the shape, but not the size of the opening. Hence, critical stresses I
are dependent on the opening shape but not on the opening size.

(2) The boundary and axial stress distribution is independent

of the elastic constants of the rock. Hence, critical stresses are in-

dependent of the elastic property of the rock.

(l r.-4*-4,al, Strear-.n.4r -... n - ,.--.. -" 1. .-.S

curvature of the boundary decreases (except for tensile critical stress

concentrations in a uniaxial stress field). Therefore, openings with

sharp corners should be avoided.
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(4) The tangential stress concentration on the extension of

the horizontal axes through an opening of any shape is a maximum at the

boundary and decreases rapidly with distance from the boundary. More-

over, the greater the boundary stress concentrations, the more rapidly

the stress distribution curve will decrease with distance from the

boundary. For example, at a distance of one diameter along the hori-

zontal axis from the boundary of a circular opening in a biaxial stress

field (m - 1/3) the tangential stress is less than 5% greater than the

applied vertical stress. Consequently the stress distribution around

an opening is not appreciably influenced by the presence of other open-

ings or surfaces if it is separated from them by a distance equal to

the length of the axis through the opening. Thus, if this condition is

satisfied, Lhe opening is single.

(b) For a unia.-al stress field:

(I) If (Wo/Hu) > 1, ovaloids or rectangles with rounded corners0 0

will give smaller critical compressive stress concentrations at ends of

the horizontal axis than'ellipses. If (W //H) 0 1, an ellipse is the

best shape.

(2) If the vertical applied stress is parallel to the height

of an inclined or canted opening, a critical tensile stress concentration

of -1 will develop at the end of the vertical axis. Since the tensile

strength of rock is small this tension may be significant.

(c) For a biaxial stress field:

(1) An elliptical opening with its major axis parallel to the

vertical applied stress will develop smaller critical compression stress

concentration than any other opening shape. For a given stress field, if

(Wo/H ) (Sh /S ) then the critical stress at all points on the boundary
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will be compressive, constant and minimum. Thus an ellipse with the f
proper ratio of axes is the ideal opening for a stress field (other

than uniaxial).

(2) If (W 0/H ) > 1, ovaloidal or rectangular openings will

induce lower critical compressive stress concentrations than elliptical

openings.

(3) The tensile stress at the ends of the vertical axis of all

openings in a uniaxial stress field (m o) will decrease and becomtu-

compressive as m increases. For (W0 /Ho) f 1, this transition from tension

to compression occurs for m - 1/3.

(d) For a hydrostatic stress field:

(1) The preferred opening is a circle. When a height-to-width

ratio smaller or greater than unity is desired, an ovaloid will induce

lower critical stresses than either the ellipse or rectangle.

(2) No tensile stresses develop for any shape of opening. The

summary chart, Figure 29 indicates the preferred cavity configurations

for the shapes and ratio of Ptresses studied.

It must be recognized that the ideal shape for the cavity, from the

vitipoint of structural integrity, may not be the most feasible oz,

economical shape to create due to equipment limitations. The configura-

tion 7Dreference may be approximated by utilization of the shape selection

for underground cavities (Figure 29). The following Table XI indicates
Sh

the assimed inplace ratio of stresses (g- - m) for various soils at
V

depths of 25 to 150 feet.
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TABLE XI

RATIO OF HORIZONTAL TO VERTICAL STRESSES FOR VARIOUS SOILS

Soil Consistency Ratio of Forces, m

Cohesive Soils

Very soft to soft 1.0

Medium or plastic 0.5

Stiff to hard 0.25

Noncohesive Soils

Very loose 1.0

Firm 0.5

Dense to very dense 0.25
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m I SELECTION __ BEST SECOND THIRD FOURTHS FIFTH
rELLIPSODAL ,,L-LIPO0IDAL OVALOIDAL OVALO IDAL S
Wo/Ho a 1/4 Wo/Ho 1/2 Wo/1-o= aI/4 WoHo 1 V I

WoHo 1/4 Wo/Ho • 1/2 Wo/Ho u 1/4 Wo/Ho 2 1/2

o.yPo t~," ~~ ~ 0 0 o~!D%;

ELLIPSOIAL ELLIPS'OIDAL OVALOIDAL ELLIPSOIDAL OVALOIDAL
W *H 1 /3 W *g 1/4 Wo/Ho0 1/4 Wo/Ho 1 /2 Wo/Ho" 1/2

0.3325/I 0 0 o

ELPOILELLIPSOIDAL OVALOIDAL SHR ELLIPSOIDAL OVALOIDAL

Wo Ho = 1/2 Wo/Ho 1/4 Wo/Ho a I Wo/Ho z 1/4 Wo/Ho z 1/4
0.50 0 0

'II

SPHERE OVALOIDAL OVALOIDAL ELLIPSOIDAL ELUPSOIDAL

Wo/Ho 1 I Wo/Ho• 2 Wo/HNo 4 Wo/Hoa 2 Wo/Ho14

,.00 0 0 czzm

OVALOIDAL OVALOIDAL RECTANGULAR RECTANGULAR ELLIPSOIDAL
Wo/Ho - 4 Wo/Ho a 2 Wo/Ho a 4 Wo/H 0 z 2 Wo/Ho a 4

>1.00 
ROUNDED CORNERS

m - Sh/Sv Wc = Width of cavity Ho = Height of coaity

FIGURE 29 SHAPE SELECTION FOR UNDERGROUND CAVITIES
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APPENDIX VI

BORING LOGS AND LABORATORY TEST DATA SUMMARY

Four borings were drilled in order to determine the geologic

formations at the proposed North Bryan Test Cavity Site. Engineering

characteristics of the soil were obtained from laboratory tests performed

on representative undisturbed soil samples. Logs of Borings and Summary

of Laboratory Test Data are included in this appendix.
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LOG OF BORING

PROJECT Underground P.OL. Storage Cavity BORING NO WB-l

CLIENT United States Air Force LOCATION North Bryan Test Cavity
Site

DATE May 7, 19(O JOB NO 70-17 BORING TYPE Wash
DRILLER Cý Dean SOIL ENGINEER A. Dean GROUND ELEV

LEGEND

- h ,C.pe io,, Sops• N° ...... , ,

S Ioi o Wate Tabe HNdooltot¢ Wattoe y "T

,o E .o ' o" -* doacw'~rR
E I

- DESCRIPTION OF STRATUM

1 Sandy silt topsoil 1'

Iron ore with clay layers

Tan and gray clay
go 12'

5-- Hard dark gray clay with thin silt seams (Partings)

20 1656 4+ -with trace of organic and tiny shells

-25-

31'

Sandstone - Siltstone 33.7'

Hard - gray d cly w!ith " tiny shells

--with thin streaks of sandstone (Max- 2")

1657 4+
4

-with 1" sandstone @ 48'

SOIL M ECHANICS INCORPORATED
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LOG OF BORING

PPOJECT Under8ground P.O.L. Storage Cavity BORING NO WB-1C"LIENT United States Air ]Force LOCCT:O-,ý Nocih Bryan Test Cavity

Site
DATE May 7, 1970 JOB NO 70-17 BORING TYPE Wash
DRILLER C. Dean SOIL ENGINEER A. Dean GROUND ELEV

I- Z -- core -sr0 010 Sampleq LGEN -No

S - S'o0,c *at#, Table -Hydrostohi c Water Toble

DESCRIPTION OF STRATUM

Hari dark gray sandy clay 57'
S4 Thin sandstone layers
1658 4+ hard dark gray clay with thin sand seams (Partings)

0-

____64'

Hard dark gray clay with thick sand layers (Max. 2')

7 71'

-75

0 1659 4+ Hard dark gray clay with silt seams (Partings)

-95•

K 1 1660 4+

"Bottom @ 101'SNo

SOIL MECHANICS INCORPORATEO
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p-1

LOG OF BORING

PRCJECT Undarground P.O.L. Storage Cavity SORING NO WB-2
CLIENT United States Air Force LOCATION North Bryan Test Cavity

Site

DATE May 7, 1970 JOS NO 70-17 BORING TYPE Wash
DRILLER D&A L. SOIL ENGINEER A• y. an GROUND ELEV

LEGEND1. - _
-Co's N-Peefraho SNplN R.coery J J.r-) z ,- o c, sU,

a . V 7 StIec Wets, Table V -Hydroeatalc Water Table

4 ; , DESCRIPTION OF STRATUM

- 10-

"Hard dark gray clay vith silt partings

25 29'
50 SandRstone 29.3'

Hard sandy olay vith trace of shells

-40-

45

50

-55

SOIL MECHANICS INCORPORATED
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-2-

LOG OF BORING

PRO,IECT Underground P.O.L. Storage Cavity BORING NO WB-2
CLIENT U -.•-4t d SL atts A-l-r Force LOCATIO N North Bzian T est Cavlýrty

Site

DATE May 7, 1970 JoB NO 70-17 BOqING TYPE Wash
DRILLER C. Dean SOIL ENGINEER A. Dean GROUND ELEV

S - ~ ----- LEGEND N

-Coe -Penetraton Sample No J Jo,

Stat~c Water Tabl Water Tab),;,,~~~~ I- 
Hy° 

" 
sata 1oh

w - DESCRIPTION OF STRATUM

-0 Hard sandy clay with trace of shells

Sand 61'

65- Hard gray clay

-70

-75-
77'

-bad- 77.2'

85 Hard psay clay

90-

N95

Bottom @ 100'

SOIL MECHANICS INCORPORATED

135



P-i

LOG OF BORING

PRoJECT Underground P.O.L. Storage Cavity SORING No 14W-3
CL'.N1 United States Air Force LOCATION North Bryan Teat Cavity

Sit2

o=fc May 8, 1970 joe NO 70-17 IORING TYPE Wash
LRL ER C. Dean SOIL ENGINEER A. Dean GROUND ELEV

~:Vico,. ~ Se~pI. LEGEND -~ ~oo
- P.~O~roINO

Y V So,,C W ,te, Table V -,•4 d.otafc WeiO,, Table

OESCRIPTION OF STRATUM

-5-7
Tan clay with iron ore

-15-

ý I -becomes very IbLiff tan clay with sand pockets 18.5'

-20- 1662 2.5 Dark gray sandy clay with shell-

25

1663 4+ -becomes hard dark gray .- ay with small shell
-4 1- 6_

15Cray eandstone 41 7'

45 Hard dark gray clay with swall shell

_-4

SOIL MECHANICS INCORPORATED
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P-2

[ LOG OF BORING

PROJECt Underground P.O.L. Storage Cavity BORING NO WB-3
CLIENT United States Air Force LOCATION Worth Bryan Test Cavity

Site
DATE Hay 8, 1970 Joo No 70-17 BORING TYPE Wash

DRILLER C. Dean___ SOIL ENltEAUR A. Dean GROUND ELEV

T 
L EGEND

~-~e:.o~o o,,P.NO R~co,,*y JJo
ff . • • • Static wale~r Table V -Hydrostatic Water TableI

' !DESCRIPTION OF STRATUM

= Hard dark gray clay with small shell 57'

Sandstone 57.2'
.1664 4+ Hard dark gray sandy clay with shells

--65-

70'
-7

Hard dark gray clay

-with thin sand layers

-80
1665 4+ -with sand seams

-85-

_90-

953

10 1666 4+ Hard dark gray clay with silt seams

Bottom @ 101'

-10

SOIL MECHANICS INCORPORATED

137



N

P 1 of£ 3

LOG OF BORING

CLIENT United States Air Force LOCATION North Bryan Test Cavity
Site

DATE 5-8 70 JOe NO 70-17 SORING TYPE Rotary
ORILLER C. SOIL ENGINEER A Deuan GROUND ELEV

LEGEND

2 %-z *- UeC taf.. .e f"Of- No M4Co.Oj 1

S € SIotao *aW@e Table V-HydrostotIC Watt, Toble
S E E c o

d . I0 DESCRIPTION OF STRATUM

1668 4+ Hard dark gray naudy clay with $rasa roots

1669 4+ -becomes tan and $ray with calcareous nodules

5 1670 4+ -becomes hard tau clay with calcareous nodules

1671 4+ -with Iron ore streaks

1672 4+

10

1673 4+ -becomes tan and gray with sandy silt layer, shell, sand
pocket* and iron ore

1674 4+ -becomes tan and dark gray with sand seams, iron ore and
shell

- 1675 4+ -becomes dark gray with silt seams, sand seams and shell
-15

1676 4+ -becomes slickensided

1677 4+

1679 4+ -with silty sand pockets and 1/2" shell layer

1680 4+ -with shell
-20

1681 4+ -with silt semns

1682 4+

1683 4+

1684 4f+ -with sandy clay layers and shell

F3- i1685 4+ -with shell

F1z1686 4+
a 4+

SOIL MECHANICS INCORPORATED
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P2of 3

LOG OF BORING
PROJECT Underground P.O.L. Storage Cavity BORING NO CB-4
CLIENT United States Air Force LOCATION North Bryan Test Cavity

Site

DATE 5-8-70 JoB NO 70-17 BORING TYPE Rotary
DRILLER C. Dean SOIL ENGINEER A. Dean GROUND ELEV

LEGEND

C' -e E -Cole -Sapie -No RecCveySo-
a \7 6 0 *ate, Table y -HyrostOhc woa.t Table

o 0

o a mDESCRIPTION OF STRATUM

1688 Hard dark gray clay with shell 28_5'

-3 Sandstone with 2 small clay layers

1689 4+ Hard dark gray sandy clay with shell and trace of calcareous
nodules

1690 4+ -becomes brown and dark gray with clay layer and shell
1691 4+ -becomes hard dark gray clay with silt seams and shell

1692 4+

1693 4+ -becomes hard dark gray sandy clay with shell

1694 4+

1695 (,+ -becomes silty clay with white clay streaks
-1696 4+

1697 4+ -becomes hard dark gray clay with sand seams and shell

1698 4+
40 1699 4+ -with shell, clay layers and clay streaks, alickensided

1700 4+

1701 4+ -with silt seams and shell

1702 4+ -becrmnt hard dak- sa d cla-, with A¶ell

1703 41-
-4

1704 4+

1705 4+ -with trace of organic matter

1706 4+ -with shell and gray clay layer

1707 4+ -becomes hard dark gray clay with silty sand layer @ 48.5'

1708 4+ -with silt seems, silty clay layer and sand layer from 49.5'
m to 50

1709 4+ -becomes very stiff dark gray sandy clay with brown clay
layers, silt sem*= and silt layers

1710 4+4 -becomes hard dark gray and brown clay with silt sams
1711 4+ -with sandy silt layer

1712 4+ -with silty sand layer and silt seams

55 1713 4+ -becomes gray clay with small sand layers

SOIL MECHANICS INCORPORATED
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~-3 of 3

LOG OF BORING
I-RO JE CT UndergrounS P.D.L. St~orage Cavity eoORNG NO CB-4
C IENT United Statee Air Force LOCATION North Bryan Test Cavity

DATE 5-13-70 .,o l . 70-17 eoRING rYPE Rotary
DRILLER C. Dean SOIL ENGINEER A. Dean GROUND FLEV

- I LEGEND

~ *-Co ~ n So.pl ~ -No RC~ -JO.j

* 0_ - 'SICI Wu~ar Toale -VHyd ~ostot. Wale, TAWS.

r. DESCRIPTION OF STRATUM

- Hard stay clay with sa1l sand layers

1714 2.5 1 -Iecouez, very stiff vith sand layers, salt seams and clay
laytra

1715 12.5

-60 ~

1717 -become alternate layers of sand, silt and clay

1718

1719

1720 4+ -becomes hard gray clay with silt and sand laminations

1721 4+

1722 4+ -with silt lminations

1723 4+

75 1724 4+ -becomes hard grzy slity rlay with clay layers and silt seams

1725 4+

1726 4+ .-with silty •line awml' lnMy.ir

1727 4+

,,otto w 80'

SOIL MEC CHANICS INCORPORATED
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